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LIGHTNING  ARRESTER  SPARK  GAPS 

Their  Relation  to  the  Problem  of  Protecting  Against 

Impulse  Voltages 

.     BY   CHESTER   T.    ALLCUTT 


Abstract  of  Papbr 
_  This  paper  describes  a  new  form  of  high- voltage  lightning 
arrester  gai>  which  has  been  called  the  "impulse  protective  gap 
because  of  its  particular  effectiveness  in  protecting  against  line 
disturbances  ot  steep  wave  front. 

The  paper  opens  with  a  brief  resum^  of  some  of  the  results  of 
previous  investigations  of  the  subject  of  impulse  voltages.  A 
discussion  of  the  points  involved  in  securing  adequate  protection 
against  transient  voltages  of  steep  wave  front  follows.  Par- 
ticular reference  is  made  to  some  of  the  conditions  that  may 
exist  when  a  high-frequency  impulse  is  superimposed  on  a  low- 
frequency  wave.  In  this  connection  is  shown  the  desirability 
of  a  gap  having  a  selective  action,  making  it  sensitive  to  steep 
wave  fronts,  and  a  number  of  forms  of  gap  having  this  selective 
property  are  described. 

Methods  emploved  in  testing  these  gaps  are  described  and 
the  results  of  a  large  number  of  experiments  are  tabulated. 
Tests  on  the  action  of  a  high-frequency  impulse  combined  with 
a  OO-cyde  wave  are  included  in  the  experimental  work.  Prom 
the  experimental  data  a  number  of  curves  are  plotted  showing 
the  discharge  characteristics  of  the  impulse  protective  gap  under 
many  different  conditions. 

The  results  of  the  tests  are  highly  favorable  and  indicate 
that  the  new  gap  may  have  a  wide  application  in  the  field  of 
lightning  protection. 

In  GENERAL,  a  high-voltage  lightning  arrester  consists  of 
*  two  distinct  parts:  First,  a  spark  gap  for  discharging 
abnormal  voltages;  and  second,  means  for  preventing  the  normal 
line  voltage  from  maintaining  a  power  arc  across  the  gap.  In 
past  years  the  satisfactory  interruption  of  the  power  arc  has 
been  the  most  serious  part  of  the  lightning  arrester  problem, 
and,  in  consequence,  the  attention  of  manufacturers  has  been 
concentrated  on  the  development  of  this  feature.  It  is  only 
comparatively  recently  that  the  gap  itself  has  been  receiving 
its  due  share  of  attention. 

It  is  quite  a  simple  matter  to  provide  an  electrical  "safety 
valve"  in  the  form  of  a  spark  gap  to  discharge  abnormal  volt- 
ages of  low  frequency,  but  when  we  have  to  deal  with  steep 
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wave  fronts,  or  impulse  voltages,  as  they  have  been  termed, 
there  are  certain  complications  due  to  dielectric  spark  lag.  The 
existence  of  the  phenomenon  of  dielectric  spark  lag  was  first 
brought  to  the  attention  of  the  Institute  by  E.  E.  F.  Creighton* 
more  than  ten  years  ago.  A  later  paper  by  Steinmetz  and 
Hayden*  gave  the  results  of  certain  tests  on  the  transient 
breakdown  voltage  of  different  gaps  as  a  function  of  the  energy 
available.  Other  papers'  on  impulse  tests  on  porcelain  shed 
some  further  light  on  the  subject  of  dielectric  spark  lag  but 
still  left  our  knowledge  of  the  subject  in  a  rather  incomplete 
state.  It  remained  for  F.  W.  Peek,  Jr.*  to  present  to  the  Insti- 
tute the  first  quantitative  data  on  the  breakdown  strength  of 
different  forms  of  gap  under  the  action  of  transient  voltages  of 
carefully  predetermined  characteristics. 

Mr.  Peek's  extensive  investigations  have  definitely  estab- 
lished the  fact  that  some  forms  of  spark  gap  require  a  very 
much  higher  voltage  to  discharge  a  high-frequency  impulse 
than  is  required  to  discharge  a  continuously  applied  e.m.f. 
The  name  "impulse  ratio"  has  been  given  to  the  ratio  of  the 
impulse  breakdown  voltage  of  a  gap  to  the  continuously  applied 
breakdown  voltage.  The  impulse  ratio  was  found  to  vary  with 
the  shape  of  the  gap  electrodes,  the  length  of  the  gap  and  the 
shape  of  the  impulse  wave  applied.  In  case  of  the  needle  gap, 
for  example,  the  impulse  ratio  was  found  to  be  considerably 
greater  than  two  under  some  conditions.  The  sphere  gap,  on 
the  other  hand,  was  found  to  have  an  impulse  ratio  of  substan- 
tially unity  through  a  wide  range  of  gap  setting.  The  general 
conclusion  reached  by  Peek  was  that  a  gap  in  which  the  dis- 
charge is  preceded  by  corona  will,  in  general,  have  an  impulse 
ratio  greater  than  unity,  the  impulse  ratio  increasing  with  the 
non-uniformity  of  the  field  and  with  the  steepness  of  the 
wave  front  applied. 

1.  E.  E.  F.  Creighton.  Methods  of  Testing  Electrical  Porcelain. 
A.  I.  E.  E.  Transactions,  Vol.  25,  p.  365,  May  1906. 

2.  J.  L.  R.  Hayden  and  C.  P.  Steinmetz.  Disruptive  Strength  with 
Transient  Voltages.  A.  I.  E.  E.  Transactions,  Vol.  29,  p.  1126,  June, 
1910. 

3.  A.  Chemyschoff  and  C.  A.  Butman.  Different  Methods  of  Testing 
Electrical  Porcelain.     Electric  Journal,  Vol.  12,  p.  282,  1915. 

L.  E.  Imlay  and  P.  H.  Thomas.  High- Frequency  Tests  of  Line 
Insulators.     A.  I.  E.  E.  Transactions,  Vol.  31,  p.  2233,  December,  1912. 

4.  F.  W.  Peek,  Jr.  The  Effect  of  Transient  Voltages  on  Dielectrics. 
A.  I.  E.  E.  Transactions,  Vol.  34,  p.  1695,  September,  1915. 
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The  relation  of  his  experimental  work  on  transient  voltages 
to  the  subject  of  lightning  protection  was  discussed  by  Peek  in 
a  later  paper*.  In  this  paper  he  indicates  the  desirability  of  a 
low  impulse  ratio  in  a  lightning  arrester  gap  and  shows  the 
superiority  of  the  sphere  gap  as  a  protective  device,  over  the 
simple  horn  gap  usually  employed  in  connection  with  high- 
voltage  arresters. 

Protection  Against  Impulse  Voltages 
The  papers  referred  to  above  have  resulted  in  a  great  advance 
towards  the  solution  of  the  problems  involved  in  securing  ade- 
quate protection  against  line  disturbances  of  steep  wave  front. 
By  the  simple  expedient  of  using  a  lightning  arrester  gap  having 
spherical  electrodes,  the  operating  man  may  be  perfectly  sure 
that  the  voltage  to  ground  at  the  point  at  which  the  arrester  is 
installed  will  never  appreciably  exceed  the  60-cycle  discharge 
voltage  of  the  gap.  This  is  a  great  step  in  advance,  but  the 
question  at  once  arises:  Does  it  give  the  best  possible  protection 
against  steep  wave  fronts?  In  this  connection  it  must  be  pointed 
out  that  the  danger  to  apparatus  from  an  impulse  voltage  may 
be  all  out  of  proportion  to  the  actual  magnitude  of  the  impulse. 
Consider,  for  example,  a  transformer  winding  designed  for  50,000 
volts.  If  100,000  volts,  at  normal  frequency,  be  applied  to  the 
winding  the  stresses  on  the  insulation  will  only  be  doubled. 
But,  on  the  other  hand,  if  a  high-frequency  impulse  of  100,000 
volts  be  applied,  the  stresses  on  certain  parts  of  the  insulation 
may  be  many  times  normal  because  of  the  "piling  up"  of  the 
steep  wave  front  on  the  end  turns  of  the  winding.  Conse- 
quently, if  we  are  to  protect  the  winding  by  means  of  a  spark 
gap  shunting  it,  the  gap  should  be  selective  in  its  action;  i.e., 
it  should  discharge  a  high-frequency  impulse  at  a  lower  voltage 
than  an  abnormal  e.m.f .  of  line  frequency. 

The  need  for  the  selective  action  referred  to  above  is  empha- 
sized by  a  consideration  of  the  possible  combinations  of  a  high- 
frequency  impulse  with  the  normal  line-voltage  wave.  Let  us 
consider  the  three  combinations  shown  in  Pig.  1,  and  their 
effect  on  a  winding  protected  by  a  gap. 

Case  A, — Impulse  Occurring  at  Zero  Point  of  Line  E,M,F. 
Wave.  In  this  case  the  presence  of  line  voltage  does  not  affect 
the  action  of  the  impulse.     The  insulation  stresses  in  a  winding 

6.  P.  W.  Peek,  Jr.  Lightning,  General  Electric  Review,  Vol.  19,  p.  686, 
July,  1916. 
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and  the  discharge  characteristics  of  a  gap  protecting  the  winding 
will  be  the  same  as  if  the  impulse  alone  were  applied. 

Case  B. — Impulse  Occurring  at  the  Peak  of  the  Line  E.M.F, 
Wave  and  Adding  Thereto,  In  this  case  the  total  e.m.f.  im- 
pressed on  the  gap  and  tending  to  discharge  it  is  equal  to  the 
sum  of  the  line  voltage  and  the  impulse  voltage.  The  insulation 
stresses  between  turns  of  the  winding,  on  the  other  hand,  are 
largely  dependent  on  the  value  of  the  impulse  alone,  since  line 
frequency  does  not  cause  a  high  voltage  between  turns.  It 
would  appear  that,  in  this  case,  the  gap  affords  a  better  protection 


Cm*  B  cmae  C 

Fig.  1 — Impulse  Voltages  Superimposed  on  60-Cycle  Waves 


than  in  Case  A.  For  example,  suppose  the  gap  to  be  set  at 
double  line-voltage.  In  Case  A,  an  impulse  of  double  line- 
voltage  may  be  impressed  on  the  winding  without  the  gap 
functioning,  while  in  Case  B  the  maximum  impulse  that  can  be 
applied  to  the  winding  without  causing  the  gap  to  discharge  is 
just  equal  to  line  voltage. 

Case  C. — Impulse  Occurring  at  the  Peak  of  the  Line  E.M,F. 
Wave  and  Subtracting  Therefrom,  In  this  case  it  is  obvious  that 
the  gap  furnishes  much  less  effective  protection  than  in  the 
preceding  two  cases.     A  very  considerable  impulse  voltage  may 
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be  impressed  on  the  winding  without  causing  any  rise  in  voltage 
across  the  gap.  The  presence  of  the  line-frequency  wave  pre- 
vents the  impulse  from  causing  a  rise  in  voltage  across  the  gap 
but  does  not  prevent  the  full  destructive  effect  of  the  impulse 
from  being  felt  by  the  winding.  Asstuning,  once  more,  that 
the  gap  is  set  at  double  line  voltage,  it  will  be  seen  that  an  imptdse 
of  double  line  voltage  may  be  applied  without  causing  any 
rise  whatever  in  the  voltage  across  the  gap,  while  it  will  require 
an  impulse  of  thru  times  line  voltage  to  cause  the  gap  to  discharge. 
The  fact  that  such  a  condition  is  possible  has  not  been  generally 
appreciated,  although  it  is  clear  that  it  may  be  a  source  of 
grave  danger.  Adequate  protection  against  such  a  combination 
of  high-frequency  and  line-frequency  demands  the  use  of  a  gap 
which  is  highly  sensitive  to  steep  wave  fronts.  It  is  true  that, 
if  the  impulse  is  oscillatory,  the  second  half-cycle  may  cause  an 
ordinary  gap  to  discharge,  but  such  a  discharge  is  too  late  to 
protect  the  winding  against  the  destructive  effects  of  the  first 
half-cycle  of  the  impulse. 

The  Impulse  Protective  Gap 
A  rather  extensive  experimental  investigation  of  impulse 
phenomena  has  lead  to  the  development  of  a  new  type  of  gap 
for  lightning  arrester  service,  which  possesses  in  a  marked  degree 
the  selective  properties  referred  to  in  the  preceding  discussion. 
This  gap  has  been  termed  the  **impulse  protective  gap"  because 
of  its  particular  effectiveness  in  discharging  line  disturbances  of 
steep  wave  front.  The  general  principle  underlying  the  action 
of  the  impulse  gap  is  comparatively  simple.  In  its  most  ele- 
mentary form  it  consists  of  two  gaps  in  series,  each  gap  being 
shunted  by  a  relatively  high  impedance.  At  line-frequency 
these  impedances  are  proport'onal  to  the  respective  discharge 
voltages  of  the  gaps  which  they  shunt,  but  they  are  designed  to 
change  at  different  rates  with  changes  of  frequency  so  that, 
under  the  action  of  a  high-frequency  impulse,  one  of  the  im- 
pedances becomes  much  greater  than  the  other  and  causes  most 
of  the  high-frequency  voltage  to  be  impressed  on  one  of  the  gaps. 
The  breakdown  of  this  gap  will  result  in  the  total  voltage  being 
impressed  on  the  remaining  gap,  which  will  break  down  in 
turn. 

Fig.  2  is  a  diagrammatic  representation  of  a  gap  constructed 
according  to  the  above  principle.  One  of  the  two  equal  gaps, 
g  and  g',  is  shunted  by  a  condenser  C  and  the  other  by  an  equal 
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condenser  C  and  an  inductance  L.  At  line-frequency,  the  induc- 
tive reactance  of  L  is  inappreciable  compared  with  the  condensive 
reactances  and,  therefore,  causes  no  unbalance  in  the  voltage 
across  the  two  gaps.  To  a  high-frequency  impulse,  however, 
the  condensers  offer  very  little  impedance  and  most  of  the 
high-frequency  voltage  appears  across  the  inductance  L  and 
thus  across  the  gap  g.  Discharge  of  the  gap  g  is,  in  general, 
immediately  followed  by  a  discharge  across  g\ 

It  has  been  found  by  experiment  that  better  results  are 
obtained  by  using  a  single  gap,  having  an  intermediate  electrode, 
rather  than  two  distinct  gaps.  Fig.  3  shows  a  nimiber  of  dif- 
ferent gaps  constructed  in  this  manner.  A  shows  a  horn  gap 
having  an  auxiliary  electrode  mounted  midway  between  the 
horns.  The  auxiliary  electrode  is  connected  to  one  of  the  horns 
through  a  condenser  C  and  to  the  other  through  a  condenser 
C  and  an  inductance  L.  The  action  is  similar  to  that  of  the 
gap  shown  in  Fig.  2. 

^  ^  In  place  of  the  reactance  L, 

I  p)  ^  ■  ■      p)  r\      ■  a  resistance  may  be  employed, 

as  shown  in  Fig.  3b.     This  is  the 
preferred  form  of  gap,  from  a 
commercial    standpoint,     since 
p      2        ^  ^^^  inductance  used  in  A  must 

necessarily  be  quite  bulky,  un- 
less condensers  of  unreasonably  high  capacity  be  employed. 
With  the  structure  shown  in  J3,  it  has  been  found  possible  to 
secure  excellent  results  with  capacities  as  low  as  10~"  farads. 

Fig.  3c  shows  another  form  in  which  a  reactance  coil  is  used 
as  an  auto-transformer  to  produce  a  larger  voltage  between  the 
auxiliary  electrode  and  the  main  horn  than  is  produced  by  the 
simple  reactance  shown  in  A, 

Fig.  3d  shows  another  modification,  in  which  two  intermediate 
electrodes  are  employed.  jRi  is  of  greater  resistance  than  Ri 
so  that  a  high-frequency  impulse  causes  the  right-hand  gap  to 
break  down  first,  followed  successively  by  the  two  others.  For 
extremely  long  gaps  it  is  probable  that  this  form  would  give 
better  results  than  B,  but  for  commercial  voltages  it  has  been 
found  possible  to  secure  a  gap  of  ample  protective  power  by 
using  but  one  auxiliary  electrode. 

Preliminary  tests  were  made  on  a  number  of  different  gaps 
similar  to  those  shown  in  Fig.  1.  The  early  experiments  included 
tests  to  determine  the  effect  of  different  shapes  of  electrodes. 
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both  for  the  main  horns  and  for  the  auxiliary  electrode.  The 
results  of  these  preliminary  experiments  indicated  that  the  scheme 
shown  in  Pig.  3b  was  the  most  promising  for  commercial 
development.  A  wire  of  small  diameter  (practically  a  pointed 
electrode)  was  found  to  be  most  satisfactory  for  the  auxiliary 
electrode.  The  pointed  auxiliary  electrode  gave  results  so  much 
superior  to  a  spherical  or  cylindrical  electrode  that  further 
experiment  with  these  latter  forms  was  dropped. 

As  a  result  of  these  preliminary  experiments  it  was  decided 
to  make  complete  tests  on  the  two  forms  shown  in  the  illustra- 
tions. Fig.  4  and  Fig.  6.  These  two  gaps  differed  only  in  the 
shape  of  the  horn  electrodes.    The  gap  shown  in  Fig.  4  had 


'tj^ 


Fig.  3 — Impulse  Protectivb  Gaps 

plain  horn  electrodes  made  of  3/8-in.  (0.96-cm.)  diameter  brass 
rod,  while  the  other  gap  had  brass  hemispheres  6.26  cm.  in 
diameter  clamped  to  the  horns,  this  presenting  spherical  dis- 
charge surfaces.  In  both  gaps,  the  auxiliary  electrode  consisted 
of  a  blunt  point  of  jcopper  wire  0. 025  in.  (0.064  cm.)  in  diameter. 
IXiring  the  tests,  each  horn  was  supported  on  a  pillar  insulator 
composed  of  three  porcelain  insulator  units.  These  pillars 
rested  on  a  wooden  table  which  brought  the  gap  to  a  height 
of  about  6  ft.  (1.5  m.)  above  ground.  The  porcelain  units 
composing  the  pillars  were  of  special  design,  having  an  imusually 
high  electrostatic  capacity,  approximately  2  X  10-"  farads. 
Two  of  these  units  in  series  were  used  as  the  condensers  between 
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the  auxiliary  electrode  and  each  of  the  horns  (corresponding  to 
C  and  C  in  Fig.  3b).  A  water  tube  was  used  for  the  resistance. 
In  most  of  the  tests  its  value  was  approximately  100,000  ohms. 

Test  Methods 
The  method  employed  in  obtaining  impulse  voltages  of  pre- 
determined characteristics  was  practically  identical  with  that 
described  by  Peek  in  his  1915  paper.*  Fig.  6  shows  a  diagram  of 
connections.  When  the  voltage  of  the  transformer  T  is  grad- 
ually raised,  the  sphere  gap  Gr  will  eventually  discharge.  At 
this  instant,  the  condenser  C  is  charged  up  to  the  breakdown 
voltage  of  the  gap.  When  Gr  breaks  down,  the  condenser  dis- 
charges through  the  inductance  L  and  the  resistance  R.  The 
wave  form  of  this  discharge  current  may  be  accurately  calculated 
from  the  values  of  L,  R  and  C.  The  shape  of  the  voltage  wave 
across  R  is,  of  course,  identical  with  the  shape  of  the  current 


Fig.  6 — Connections  for  Impulse  Tests 

wave.  The  gap  G  under  test  is  connected  across  the  resistance 
R.  A  sphere  gap  G^  is  also  connected  across  R  in  order  to  obtain 
a  direct  measurement  of  the  impulse  voltage.  The  voltage  of 
the  impulse  applied  to  the  gap  under  test  may  be  varied  by- 
changing  the  setting  of  the  gap  Gr.  For  a  more  complete  dis- 
cussion of  this  method  of  obtaining  impulses  the  reader  is  referred 
to  Peek's  paper. 

The  wave  adopted  as  a  standard  for  these  tests  was  a  critically- 
damped  impulse  having  a  wave  front  corresponding  to  a  500,000- 
cycle  sine  wave.  This  wave  is  shown  in  Fig.  7.  The  constants 
of  the  oscillating  circuit  used  in  producing  this  impulse  were 
approximately,  C  =  10*^  farads,  L  =*0.25  millihenrys  and 
R  =  1000  ohms. 

The  procedure  adopted  in  making  the  tests  was  as  follows: 
First,  the  gap  under  test  was  adjusted  to  the  desired  setting, 

6.  Loc.  cit.  4. 
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Then  successive  impulses  were  applied  at  intervals  of  from  15 
to  30  seconds  and  the  gap  Gr  adjusted  until  a  setting  was  found 
at  which  about  50  per  cent  of  the  impulses  would  discharge 
across  the  gap  being  tested.  Then  the  measuring  gap  G«was 
adjusted  until  the  impulse  discharges  were  shared  equally  by  it 
and  the  gap  under  test.  The  setting  of  C«that  fulfilled  this 
condition  was  taken  as  a  measure  of  the  impulse  discharge  voltage 
of  G.  Thus  it  will  be  seen  that  the  impulse  discharge  voltage 
of  the  gap  under  test  was  in  every  case  determined  by  direct 
comparison  with  a  sphere  gap. 
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Fig.  7 — 500,000-Cycle  Critically  Damped  Impulse  Wave 

The  circuit  used  in  testing  the  effect  of  an  impulse  voltage 
superimposed  on  a  60-cycle  wave  is  shown  in  Fig.  8.  Two  high- 
tension  transformers  Ti  and  Tt  are  employed.  These  trans- 
formers are  excited  from  the  same  60-cycle  supply  circtiit.  Ti 
applies  a  60-cycle  voltage  to  the  gap  while  Ti  excites  the  impulse 
circuit  which  comprises  a  condenser  C,  an  inductance  L  and  a 
resistance  R.  As  in  Fig.  6,  Gr  is  a  spark  gap  used  to  regulate  the 
impulse  voltage.  A  condenser  K  of  relatively  large  capacity  is 
connected  across  the  transformer  Ti  external  to  the  protective 
reactance  Lp-  This  condenser  presents  a  negligible  impedance 
in  eomparison  with  the  impedances  shunting  the  gap  G,  so  the 
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full  value  of  an  impulse  voltage  across  the  resistance  R  may  be 
regarded  as  being  impressed  on  the  gap  under  test^  If  the 
voltage  of  the  transformer  Tt  be  slowly  raised,  the  impulse  re- 
sulting from  the  discharge  of  Gr  will  occur  at  the  peak  of  the  60- 
cycle  wave.  By  proper  selection  of  the  relative  polarities  of  Ti 
and  Ti  this  impulse  may  be  madeto  add  to,  or  subtract  from,  the 
60-cycle  wave  produced  by  Ti,  thus  giving  a  resultant  voltage 
wave,  impressed  on  the  gap  G,  similar  to  B  or  C  in  Fig.  1. 

In  making  tests  with  the  outfit  described  above,  the  voltage 
of  Ti  was  first  set  at  the  desired  value.  This  voltage  was  care- 
fully determined  by  means  of  a  sphere  gap,  since  the  presence  of 
the  condenser  K  caused  the  terminal  voltage  of  Ti  to  be  con- 
siderably above  the  value  determined  from  transformer  ratio. 
Then  successive  impulses  were  applied  and,  as  before,  a  setting 
of  Gr  was  found  which  would  cause  about  SO^c  of  the  impulses 


v^  i      m 


Fig.  8 — Connbctions  for  Applying  Impulse  Voltage  Superimposed 
ON  60-Cycle  Wave 


to  break  down  the  gap  G.  When  testing  the  effect  of  the  wave 
shown  in  Fig.  1b,  where  the  impulse  adds  to  the  60-cycle  wave, 
the  measuring  gap  Gm  was  connected  in  parallel  with  the  gap 
under  test  and  a  direct  comparison  obtained  between  the  two. 
In  testing  case  G,  where  the  impulse  subtracts  from  the  60- 
cycle  wave,  the  value  of  the  impulse  voltage  was  computed 
from  the  setting  of  Gr  and  checked  by  an  occasional  measure- 
ment with  a  sphere  gap  connected  across  the  resistance  R, 

The  60-cycle  discharge -voltage  of  the  gaps  tested  was  deter- 
mined in  the  usual  way  by  comparison  with  a  standard  25-cm. 
sphere  gap. 

Results  op  Impulse  Tests 

The  first  series  of  experiments  undertaken  was  for  the  pur- 
pose of  determining  the  effect  of  the  presence  of  the  axixiliary 
electrode  on  the  60-cycle  discharge  voltage  of  the  two  forms  of 
gap  tested.     Careful  tests  were  made  at  gap  settings  ranging 
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from  Ji  in.  (1.27  cm.)  to  3  in.  (7.6  cm.).  The  results  of  these 
tests  indicated  that  the  presence  of  the  auxiliary  electrode  does 
not  appreciably  lower  the  60-cycle  discharge  voltage.  With  the 
auxiliary  electrode  in  place,  breaks  were  somewhat  less  consistent 


TABLB  1.     ] 

[MPULSB  PROTECTIVE  GAP 

3/8-tn 

.  Diameter  Horn  Electrodes. 

500.000  Impulse 

Gap 

eO-Cyde 

netting. 

discharge. 

Impulse 

mehes 

kr.  max. 

Discharge 
one  side  only 
kv.  mas. 

Discharge 
both  sides 
kv.  max. 

ratio 

0.5 

87 

10 

16 

0.45 

1.0 

60 

28 

28 

0.47 

1.6 

73 

40 

40 

0.55 

2.0 

81 

53 

55 

0.68 

2.5 

88 

67 

73 

0.83 

1       '" 

03.5 

80 

84 

0.90 

than  with  the  plain  gap,  but  the  irregularities  were  not  of  sufiS- 
cient  magnitude  to  indicate  an  appreciable  lowering  of  the  break- 
down voltage. 
Preliminary  tests  with  impulse  voltages  were  then  made  in 

TABLE  II.     IMPULSE  PROTECTIVE  GAP 
6.25-Cm.  spherical  Electrodes  Mounted  on  Horns. 


500.000  Impulse 

Gap 

60.Cycle 

setting. 

discharge. 

Impulse 

inches 

kv.  max. 

Discharge 

Discharge 

ratio 

one  dde  only 
kv.  max. 

both  sides 
kv.  max. 

0.5 

30 

12.5 

12.5 

0.31 

l.O 

71        / 

30 

30 

0.42 

1.5 

09 

47 

40 

0.50 

2.0 

121 

60 

65 

0.54 

9.5 

137 

74 

82 

0.60 

3.0 

147 

85 

03.5 

0.64 

order  to  determine  the  best  values  for  the  capacitances  and 
resistBJ^c^cs  used  in  the  circuits  connecting  the  auxiliary  electrode 
vaith  each  horn.  The  results  of  these  experiments  showed  that 
the  capa^*^^^^  ^^^  resistances  could  be  varied  through  wide 
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limits  without  affecting  the  impulse  discharge  voltage.  The 
values  of  the  capacitances  employed  in  the  succeeding  experi- 
ments were,  therefore,  largely  determined  by  convenience.  In 
practically  all  the  experiments  discussed  in  the  following  pages, 
the  condenser  connected  between  the  auxiliary  electrode  and 
each  horn  had  a  capacity  of  approximately  10""*®  farads.  As 
previously  stated,  each  of  these  condensers  consisted  of  two 
pillar-type  porcelain  insulator  units  in  series  (see  Figs.  4  and  5) . 
Using  capacitances  of  the  value  given  above,  tests  made  with 
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GAP  SETTING -INOfES 

Fig.    9 — Discharge    Curves    of    Impulse    Protective    Gap    I-Inch 
Diameter  Horn  Electrodes 


resistances  varying  from  50,000  ohms  to  several  megohms  show- 
ed no  variation  in  the  impulse  discharge  voltage  of  the  gap. 
Accordingly,  100,000  ohms  was  selected  as  a  convenient  value  of 
resistance  to  use  in  the  remainder  of  the  tests.  This  resistance 
is  high  enough  to  cause  a  very  great  unbalance  in  the  voltage 
across  the  two  sides  of  an  impulse  gap  under  the  action  of  high 
frequency,  and,  on  the  other  hand,  is  low  enough  to  present  a 
negligible  impedance  to  60-cycles  in  comparison  with  the  capaci- 
tances employed. 
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Having  decided  on  the  constants  given  above,  the  two  forms 
of  impulse  protective  gap  shown  in  Pigs.  4  and  5  were  tested  for 
both  60-cycle  breakdown  and  500,000-cycle  impulse  breakdown, 
with  various  gap  settings  ranging  from  H  in.  (1.27  cm.)  to  3  in. 
(7.6  cm.).    The  results  of  these  tests  are  given  in  Tables  I  and  II. 


lA  2.0 

MP  SCniNQ  -  MCHEt 

Fig.   10 — DiscHARGS  Curves  op  Impulse  Protective    Gap  6.26-cii. 
Spherical  Electrodes  Mounted  on  Horns 


It  will  be  noted  that,  under  the  heading  **500,000  cycle  impulse 
discharge  voltage",  there  are  two  coltmms,  one  giving  the  im- 
ptdse  voltage  which  would  discharge  across  one  side  of  the  gap 
only,  and  the  other  giving  the  impulse  voltage  required  to  cause 
a  discharge  across  the  whole  gap.  For  small  gap  settings  the 
difiEerence  between  these  two  voltages  was  found  to  be  too  small 
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to  measure;  that  is  to  say,  successive  applications  of  an  impulse 
of  just  sufficient  voltage  to  cause  an  occasional  discharge,  re- 
sulted in  part  of  the  discharges  being  across  the  whole  gap  and 
part  of  them  being  between  the  auxiliary  electrode  and  one  horn 
only.  In  computing  the  impulse  ratio,  given  in  column  6,  the 
value  of  the  impulse  voltage  required  to  discharge  across  both 
sides  of  the  gap  was  used.  This  value  of  the  impulse  discharge 
voltage  was  also  used  in  all  the  ctirves  given  hereafter  except 
where  the  contrary  is  specifically  stated. 
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Pig.  11 — CuRVBS  Showing  Relation  Between  60-Cyclb  Discharge 
Voltage  and  600,000-Cycle  Impulse  Discharge  Voltage 


The  data  given  in  Tables  I  and  II  are  presented  graphically 
in  Figs.  9  to  12  inclusive.  Figs.  9  and  10  give  the  60-cycle  and 
impulse  discharge  voltages  as  a  function  of  gap  setting  for  the 
two  forms  of  gap  shown  in  Figs.  4  and  5  respectively.  It  will  be 
seen  that  in  every  case  the  impulse  discharge  voltage  is  less  than 
the  60-cycle  breakdown,  indicating  an  impulse  ratio  of  less  than 
unity.  In  Fig.  11,  the  impulse  discharge  voltages  are  plotted 
against  the  60-cycle  discharge  for  the  two  forms  of  impulse  gap 
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and  for  the  plain  sphere  gap.  Fig.  12  shows  the  impulse  ratio  of 
the  two  gaps  as  a  function  of  gap  setting.  It  will  be  noted  that 
with  the  form  of  gap  having  the  plain  horn  electrodes,  the  im- 
pulse ratio  increases  rapidly  with  the  larger  gap  settings  and  will 
probably  become  higher  than  unity  for  gap  settings  much  in 
excess  of  3  in.  (7.6  cm.).  Where  spherical  electrodes  are  used, 
it  is  evident  from  the  curves  that  the  impulse  ratio  will  remain 
well  under  unity  even  for  gap  settings  considerably  greater  than 
3  in.     The  reason  for  the  superiority  of  the  gap  equipped  with 
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Pig.  12 — Impulse  Protective  Gaps — Impulse  Ratio  as  Function  of 

Gap  Setting 


spherical  electrodes  may  be  made  clear  by  reference  to  Figs.  9 
and  10.  By  comparison  of  these  curves  it  appears  that,  for  a 
given  gap  setting,  the  impulse  discharge  voltages  of  the  two  gaps 
do  not  differ  greatly.  That  is  to  say,  a  very  great  change  in  the 
shape  of  the  main  electrodes  does  not  affect  the  impulse  dis- 
charge voltage  to  a  corresponding  degree.  We  know,  however, 
that  the  shape  of  the  main  electrodes  will  very  materially  modify 
the  60-cycle  discharge.  In  view  of  these  facts  it  is  obvious  that 
the  lowest  impulse  ratio  will  be  obtained  by  so  shaping  the  main 
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electrodes  as  to  give  the  highest  possible  60-cycle  breakdown 
voltage.  This  condition  is  approximated  with  spherical  elec- 
trodes. 

A  consideration  of  the  foregoing  results  seems  to  lead  to  the 
conclusion  that  the  impulse  gap  has  great  possibilities  as  a  pro- 
tective device.     In  themselves,  however,  these  results  are  by  no 

TABLE  III.     IMPULSE  PROTECTIVE  GAP 

3/8  in.  Diameter  Horn  Electrodes 
Gap  Setting.  IK  io.  (3.8  cm.);  60-cycle  Diacharge  73  kv.  max. 


Equivalent  Sphere  gap 

Impulse  applied 

kv.  max. 

cm. 

kv.  max. 

40 

1.30 

40 

47 

1.45 

43.5 

67 

1.66 

46 

82 

1.63 

48 

100 

1  76 

61 

means  conclusive.  The  action  of  the  new  gap  under  more 
adverse  conditions  must  be  studied  before  its  protective  value 
can  be  regarded  as  definitely  established.  While  it  has  already 
been  shown  that  the  impulse  gap  will  discharge  a  much  lower 
impulse  voltage  than  a  sphere  gap  having  the  same  60-cycle 
discharge,  there  remains  the  possibility  that  the  gap  may  exhibit 

TABLE  IV.    IMPULSE  PROTECTIVE  GAP 

6.26  Cm.  Spherical  Electrodes  Mounted  on  Homa. 
Gap  Setting,  1  in.  (2.54  cm.);  60-cycle  Discharge.  71  kv.  max 


Impulse  applied 
kv.  max. 

cm. 

kv.  max. 

30 
46 
71 
80 
100 

0.96 
1.06 
1.16 
1.30 
1.20 

30 

32.5 

35 

37 

37 

large  time  lag  when  an  impulse  considerably  in  excess  of  its  dis- 
charge voltage  is  applied,  thus  permitting  the  voltage  to  rise  to  a 
dangerous  value  before  discharge  takes  place.  This  condition 
was  tested  by  determining  the  "equivalent  sphere  gap*'  of  an 
impulse  gap  subjected  to  a  transient  voltage  greater  than  its 
discharge  voltage.    The  results  of  two  series  of  tests  made  are 
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given  in  Tables  III  and  IV  and  in  the  curves  in  Figs.  13  and  14.  In 
obtaining  the  above  results  a  sphere  gap  was  connected  in 
parallel  with  the  impulse  gap  under  test.     Then  a  setting  of  the 
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Pig.   14 — Showing  Effect  of  Impulses  Higher  Than  the  Impulse 
Discharge  Voi^TAGE  of  the  Gap 

sphere  gap  was  found  that  would  permit  the  two  gaps  to  share 
the  discharges  equally  when  a  given  impulse  voltage  was  applied. 
If  we  assume  the  time  lag  of  the  sphere  gap  to  be  negligible,  this 
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^'equivalent  sphere  gap"  setting  is  a  measure  of  the  actual  voltage 
to  which  the  impulse  gap  permits  an  impulse  of  super-discharge 
voltage  to  rise.  Figs.  13  and  14  show  that  the  two  forms  of 
impulse  gap  do  permit  some  rise  in  voltage  above  the  minimum 
impulse  discharge  value,  but  this  rise  is  not  of  sufficient  magni- 
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GAP  SETTING  -  INCHES 

Pig.  15 — Tbsts  on  Impulsb  Protective  Gap  With  Sphere  Electrodes 
Showing  Effect  of  Impulses  of  Different  Prequencies 


tude  to  cut  down  seriously  the  degree  of  protection  afforded. 
Even  with  an  impulse  applied,  having  a  value  of  three  times  the 
minimum  discharge  voltage,  breakdown  occurs  at  very  much  less 
than  the  60-cycle  discharge  voltage. 

In  addition  to  the  above  tests,  it  was  thought  desirable  to 
undertake  further  experiments  to  determine  the  discharge  char- 
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acteristics  of  the  impulse  gap  with  frequencies  of  other  than 
500,000  cycles.  Fig.  15  shows  the  results  of  some  of  these  tests. 
It  will  be  seen  that  the  impulse  discharge  voltage  increases 
slightly  with  increasing  steepness  of  wave  front  applied.     This 

TABLE  V. 
Imiralaa  Protective  Gap  with  f-in.  diameter  Horn  Electrodes 
Tests  with  500,000  Impulse  Superimposed  on  OO-Cyde  Wave 


Gap 
settiac. 
Inches 

eO-Cyde 
diKharge. 
lev.  max. 

eOKsycle 
voltage 
appUed. 
kv.  max. 

Impulse  required 
to  cause  discharge 

Equivalent 
line  voltage    ' 
lev.  r.  m.  s. 

Case  B 
kv.  max. 

Case  C 
kv.  max. 

.1.0 
1.6 
2.0 
2.6 
3.0 

00 
73 
81 
88 

93.5 

30 

36.5 

40.5 

44 

47 

9 
16 

ao 

40 
41 

30 
45 
52 
71 
90 

36.5 
44.5 
40.5 
54 

57 

increase  in  discharge  voltage  with  increasing  frequency  is  not 
very  great,  so  it  was  not  deemed  necessary  to  make  a  complete 
series  of  tests  at  other  than  500,000  cycles.  It  is  a  reasonable 
assumption  that  the  tests  made  at  this  latter  frequency  will 
represent  a  fair  average  value  of  the  discharge  characteristics  of 

TABLE  VI. 

Impulse  Protective  Gap  with  6.35  cm.  Spherical  Electrodes 

Tests  with  500.000  Impulse  Superimposed  on  60-Cycle  Wave 


60<yde 

Impulse  required 

Gmp 

60-cycle 

voltage 

to  cause  discharge 

Equivalent 

setting. 

discharge. 

applied. 

line  voltage 

Inches 

kv.  max. 

kv.  max. 

Case  B 
kv.  max. 

Case  C 
kv.  max. 

kv.  r.  m.  s. 

1.0 

71 

36 

0 

32 

44 

1.5 

09 

40.5 

18 

47 

60.5 

2.0 

131 

60 

22 

68 

73.5 

2.5 

137 

68 

32 

84 

83 

3.0 

147 

73 

45 

06 

80 

the  gap  under  the  action  of  high-frequency  transients  liable  to 
occur  in  practise. 

Results  op  Tests 

Impulse  Voltages  Superimposed  on  60-Cycle  Wave 
In  making  tests  with  an  impulse  voltage  superimposed  on  a  60- 
cycle  wave,  the  60-cycle  voltage  applied  was  equal  to  one-half 
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the  discharge  voltage  of  the  gap.  With  this  60-cycle  voltage 
applied,  the  value  of  the  impulse  voltage  required  to  cause  dis- 
charge was  determined  both  for  an  impulse  adding  to  the  60- 
cycle  wave  and  for  an  impulse  subtracting  therefrom.  This 
test  may  be  regarded  as  closely  simulating  conditions  that  may 
actually  occur  in  practise.  Having  the  gap  set  for  a  discharge 
voltage  equal  to  double  the  60-cycie  voltage  applied,  was  taken 
as  a  fair  approximation  of  the  usual  practise  with  regard  to  the 
setting  of  lightning  arrester  gaps. 

The  results  of  the  tests  made  are  given  in  Tables  V  and  VI. 


45  so  55  60 

une  voltage  kv.r.m.s. 
Fig.   16 — Tests  on  Impulse  Protective  Gap  With  Plain   Horn 
Electrodes  Showing  Effect  of  Impulses  Superimposed  on  60-Cycle 
Wave — Gap  Set  at  Twice  60-Cycle  Voltage  to  Ground 


In  column  3  are  given  the  real  peak  values  of  the  60-cycle  voltages 
applied  at  the  different  gap  settings.  This  is,  of  course,  equiv- 
alent to  the  peak  value  of  voltage  from  one  line  to  ground,  which 
is  applied  to  a  lightning  arrester  gap  in  service.  In  order  to 
form  a  more  convenient  basis  for  correlating  the  test  results  with 
service  conditions,  the  root-mean-square  value  of  the  three- 
phase  line  voltage,  equivalent  to  this  peak  voltage  to  ground,  is 
given  in  the  last  coliunn.  Pigs.  16  and  17  show,  graphically,  the 
impulse  voltage  required  to  cause  discharge,  as  a  function  of  this 
equivalent  line  voltage.     The  curves  given  for  Case  A  are  taken 
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from  the  results,  given  in  Tables  I  and  II,  for  the  impulse  voltage 
alone.  It  is  interesting  to  note  that,  for  both  forms  of  impulse 
gap,  the  results  for  Cases  A  and  C  are  practically  identical.  In 
addition  to  the  curves  for  the  impulse  gaps,  the  characteristics 
of  a  plain  sphere  gap  are  shown  for  purpose  of  comparison.  The 
curves  for  the  sphere  gap  are  computed,  assuming  an  impulse 
ratio  of  one.     It  might  be  stated  here  that  actual  tests  on  a 


60  70  80 

une  voltage  kv.  r.  m.  s. 
Fig.    17 — Tests   on    Impulse   Protective   Gap     with     Spherical 
Klectrodes  Showing  Effect  of  Impulse  Voltage  Superimposed  on 
60-CYCLE  Wave — Gap  Set  at  Twice  60-Cycle  Voltage  to  Ground 


sphere  gap  subjected  to  an  impulse  subtracting  from  a  60-cycle 
wave  (Case  C)  closely  checked  the  computed  curves  given. 

Figs.  16  and  17  are  particularly  effective  in  showing  the  very 
superior  protection  afforded  by  the  impulse  protective  gap  when 
subjected  to  an  impulse  subtracting  from  the  60-cycle  wave 
(Case  C).  For  example,  on  a  66,000- volt  line  an  impulse  pro- 
tective gap  would  discharge  such  an  impulse  having  a  value  of 
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but  66  kv.  max.  (See  Fig.  16),  while  a  plain  sphere  gap  would 
require  an  impulse  of  161  kv.  max.  to  cause  a  discharge  under 
the  same  conditions. 

Conclusion 
The  conclusions  arrived  at  from  the  foregoing  experiments 
may  be  summarized  as  follows: 

1.  In  order  to  secure  adequate  protection  against  line  dis- 
turbances of  steep  wave  front,  it  is  important  that  a  protective 
gap  having  the  lowest  possible  impulse  ratio  be  used.  A  gap 
having  an  impulse  ratio  of  less  than  unity  is  particularly  desir- 
able. 

2.  There  are  certain  combinations  of  a  high-frequency  im- 
pulse with  a  wave  of  line  frequency  for  which  the  degree  of  pro- 
tection afforded  by  an  ordinary  spark  gap  is  greatly  lessened. 
The  need  for  a  protective  gap  having  selective  properties,  render- 
ing it  sensitive  to  steep  wave  fronts,  is  emphasized  by  these 
conditions. 

3.  A  protective  gap,  having  a  selective  discharge  for  steep  im- 
pulses, may  be  constructed  without  greatly  complicating  the 
usual  horn  gap  structure. 

4.  Exhaustive  tests  of  such  a  gap  have  shown  it  to  be  superior 
to  the  ordinary  sphere  gap  under  all  conditions.  Even  under 
the  most  unfavorable  conditions  the  new  gap  gives  a  high  degree 
of  protection. 
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Discussion  on  "Lightning  Arrbstbr  Spark  Gaps — Thbir 
Relation  to  the  Problem  of  Protecting  Against 
Impulse  Voltages"  (Allcutt),  Atlantic  City,  N.  J., 
June  27, 1918. 

Paul  M.  Lincoln:  In  the  design  of  lightning  arresters,  we 
must  recognize  two  distinct  functions.  First  is  the  necessity 
of  discharging  the  surges  which  come  in  from  outside  sources. 
They  must  be  taken  care  of,  and  discharged  through  a  path  where 
they  can  do  no  harm  instead  of  being  allowed  to  go  through 
apparatus  where  their  discharge  may  result  in  disaster  to  the 
apparatus;  that  is  one  fimction.  The  second  function  is  to 
let  go  of  the  dynamo  current  after  it  has  started  through  the 
lightning  arrester. 

This  piece  of  analysis  apparatus  proposed  by  Mr.  Alcutt  I 
want  to  point  out,  is  of  advantage  on  both  of  these  scores.  First, 
it  allows  a  setting  of  the  arrester  gap  which  will  permit  the 
surges  of  lower  vahie  to  go  through  and  second,  it  allows  the 
spacing  of  the  horns  to  be  increased,  so  that  if  the  dynamo 
current  of  the  order  of  60  cycles  or  so  starts  through  the  lightning 
arrester,  the  dynamo  current  will  let  go  easier;  that  is,  the 
spacing  of  the  horn  gaps  is  permitted  to  be  larger  for  the  fre- 
quencies of  the  djmamo  current.  Therefore  for  both  of  these 
functions  the  suggestion  put  forth  in  this  paper  is  of  very  mater- 
ial assistance. 

F.  W.  Peek,  Jr.:  Before  discussing  directly  Mr.  AUcutt's 
results,  I  will  briefly  review  some  of  my  own  work  which  has 
a  b€»Ed-ing  on  this  paper;  this  review  will,  I  hope,  make  clearer 
what  I  have  to  say  in  the  direct  discussion. 

The  over-voltages  that  cause  insulation  failures  in  practise 
may  be  divided  into  three  classes: 

1.  Gradual  increase  of  voltage  on  the  line,  due  to  static  or 
low-frequency  surges.  Such  gradually  applied  voltages  readily 
discharge  over  an  arrester  gap. 

2.  Very  high-frequency  oscillations  of  voltages  too  low  for 
£^y  S&P  arrester  to  discharge,  but  which  may  cause  very  high 
internal  voltages  in  apparatus. 

3.  The  form  of  over-voltage  with  which  we  are  at  present 
concerned, — ^lightning  impulses  of  very  steep  wave  front,  when 
the  voltage  across  the  apparatus  increases  from  normal  to  a 
very  high  value  in  perhaps  a  millionth  of  a  second. 

In  1913  I  became  interested  in  determining  means  of  pro- 
ducing impulses  of  known  wave  shape  and  voltage,  and  in 
measuring  impulse  voltages.  This  work  was  stimulated  by 
lightning  troubles  that  I  was  asked  to  investigate  on  the  lines 
of  one  of  the  large  operating  companies.  In  this  particular 
case  certain  switch  bushings  with  a  60-cycle  arc-over  voltage 
of  about  100  kv.  were  protected  by  altmainum  arresters  with 
horn  gaps  set  at  about  50  kv.,  60  cycles.  Lightning  alwajrs 
arced  over  the  bushings,  and  never  arced  over  the  arrester 
gaps.    The  60-cycle  arc-over  voltage  of  a  gap  or  insulator  was 
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evidently  no  criterion  of  the  lightning  arc-over  voltage.  It 
was  obvious  that  a  lightning  arrester  gap  should  be  designed, 
if  possible,  for  a  low  lightning  arc-over  voltage,  and  insulators 
and  apparatus  for  a  high  lightning  arc-over  voltage.  This 
difference  between  the  lightning  and  60-cycle  arc-over  voltage, 
illustrated  by  the  above  practical  case  was  caused  by  the  "lag" 
of  the  gap. 

It  had  long  been  known  that  there  was  some  sort  of  a  time 
lag  between  the  application  of  voltage  and  the  discharge  of  a 
gap,  and  an  interesting  paper. by  Hayden  and  Steinmetz  showed 
that  energy  was  necessary.  The  importance  of  the  shape  of 
the  electrode  on  the  arc-over  voltage  was  however  not  suspected. 
Lightning  arresters  were,  in  fact,  at  that  time  given  the  E.  N.  G. 
or  equivalent  needle  gap  test.  That  the  needle  gap  was  just 
the  wrong  one  to  use  will  appear  later.     There  were  no  definite 
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Fig.  1 — Diagrammatic  Illustration  op  Why  the  "Lightning"  or 
Impulse    Spark-over  Voltage  is  Higher  than  the  Continuously 

Applied 

data  in  regard  to  time,  the  reason  being  that  there  was  no  gen- 
erator for  producing  known  impulses  or  a  means  of  measuring 
them. 

From  theoretical  considerations  it  seemed  to  me  that  the 
lag  or  time  to  break  down  a  gap  should  depend  upon  the  di- 
electric field  and,  therefore,  upon  the  shape  and  spacing  of  the 
electrodes.  A  gap  of  a  shape  and  spacing  to  cause  a  uniform 
field  should  be  **fast";  a  gap  producing  a  non-uniform  field 
should  be  slow,  for  reasons  that  will  be  given  later.  A  sphere 
gap  should,  therefore,  be  fast,  and  a  needle  gap  slow.  Time 
lag  manifests  itself  by  an  increase  in  the  arc-over  voltage  as 
the  rate  of  application  of  or  steepness  of  the  wave  front  is  in- 
creased.    The  mechanism  of  breakdown  is  as  follows : 

When  a  60-cycle  voltage  is  slowly  applied  to  a  gap,  and 
gradually   increased,    spark-over   will   occur   at   some   definite 
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voltage.  This  is  the  minimum  voltage  that  will  cause  suffi- 
cient ionization  for  the  gap  to  discharge,  and  it  requires  a  rela- 
tively long  time. 

Lightning  voltages,  or  voltages  of  steep  wave  front,  start 
at  zero,  or  line  voltage,  and  increase  at  the  very  rapid  rate  of 
millions  or  billions  of  volts  per  second.  When  such  a  voltage 
is  applied  across  a  gap  or  insulator,  spark-over  does  not  occur 
at  the  instant  the  minimum  or  60-cycle  spark-over  voltage  is 
reached  as  a  considerable  time  is  required  at  this  voltage. 
When  this  voltage  is  reached,  the  spark  begins  to  form  but  is 
only  completed  after  the  rapidly  rising  voltage  has  reached 
some  higher  value.  The  slower  the  gap  the  higher  the  voltage 
will  rise.  (See  Fig.  1.).  .  In  a  uniform  field  break-down  takes 
place  over  a  relatively  short  path  everywhere  at  the  same 
time.  In  the  case  of  a  non-uniform  field  represented,  for  in- 
stance, by  the  needle  gap,  corona  forms  around  the  electrodes 
before  arc-over.  A  vast  amount  of  air  must  be  ionized.  The 
condition  is  equivalent  to  putting  the  corona  or  arc  resistance 
in  series  with  an  ever  increasing  capacity  represented  by  the 
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Fig.  2 — Diagram   Illustrating  Spark  Formation  on  Spheres  and 

ON  Points 

unbroken  dielectric.  Time  is  thus  required  to  bring  all  of  the 
space  between  the  electrodes  up  to  the  breakdown  gradient. 
(See  Fig.  2). 

In  order  to  illustrate  this  theory  experimentally,  the  sphere 
horn  was  devised.  The  original  sphere  horn  shown  in  Fig.  13 
was  built  in  March  1914.  The  first  tests  were  made  with  an 
oscillator,  this  oscillator  did  not  give  any  definite  or  known 
wave  shape,  but  illustrated  the  principle. 

It  was  realized  that  in  order  to  make  any  progress  a  syste- 
matic experimental  investigation,  to  supplement  the  theoretical 
one,  was  necessary.  It  was  only  possible  to  get  definite  results 
by  means  of  an  impulse  generator  giving  waves  of  known  volt- 
age, wave  front,  shape,  duration,  etc.  Such  a  generator  was 
designed  and  built,  and  made  definite  data  possible.  The 
results  of  this  investigation  were  published  by  the  A.  I.  E.  E. 
in  1915.*     A  few  of  the  laws  resulting  are  as  follows: 

1.   Two  gaps,  or  insulators,  with  equal  60-cycle  spark-over 

*F.  W.  Peek.  Jr.  "The  Effect  of  Transient  Voltages  on   Dielectrics.*' 
Trans.  A.  I  E.  E.  Aug.  1915.     Vol.  XXXIV.,  Part  II.  p.  1857. 
F.  W.  Peek,  Jr.,  '^Lightning,"  G.  E.  Review,  July  1916. 
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voltages,  may  have  entirely  different  lightning  or  impulse  spark- 
over  voltages  because  of  the  time  lag. 
2.    The  time  lag  is  greatest  in  a  non-uniform  field  or  for 
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Approximate  Single  Half  Sine  Wave  Impulse  (Only  First  Half  of 

THE  Wave  Need  be  Considered  as  the  Voltage  is  Comparatively 

Low  After  the  First  Crest) 
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Fig.  3 — Impulse  with  Steep  Front  but  of  Comparatively  Long 

Duration 

electrodes  and  a  gap  setting  where  corona  precedes  arc-over; 
it  is  minimum  for  a  uniform  field. 

3.  The  time  lag  for  any  given  electrodes  and  spacing  is  not 
constant,  but  depends  upon  the  steepness  of  the  wave  or  the 
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Pig.  4 — Continuously  Applied  and  Impulse  Voltages  to  Just  Cause 
Spark-Over   of  a   10-cm.    Gap   Between   Needles 

rate  at  which  the  voltage  is  applied.  The  arc-over  voltage 
increases  and  the  time  lag  decreases  with  increasing  steepness 
of  wave  front.  The  ratio  of  the  60-cycle  to  the  impulse  spark- 
over  voltage  was  termed  the  "impulse  ratio." 
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Some  of  the  other  interesting  facts  noted  were: 
The  impulse  spark-over  voltage,  tmlike  the  60-cycle  spark- 
over  voltage,  of  an  insulator  or  gap  is  not  greatly  affected  by 
rain.  Wet  and  dry  insulations  have  practically  the  same  im- 
pulse breakdown  strength.  The  corona  starting  point  is  practi- 
cally the  same  for  imptdse  voltages  as  it  is  for  operating  voltages. 
When  two  fast  gaps  are  placed  in  series  there  is  appreciable  lag 
unless  the  arrangement  is  such  that  both  gaps  spark-over 
simultaneously.  Corona  produced  by  voltages  lasting  less  then 
a  micro-second  can  be  quite  readily  seen.  In  some  tests,  volt- 
ages were  used  of  such  a  steep  wave  front  that  a  "drop"  of  25 
kv.  was  obtained  over  a  2-in.  copper  tube  a  yard  long.  Figs.  3 
to  8  give  some  actual  curves  obtained  in  the  tests. 
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Fig.  5 — Needle  Gap  Spark-Over 
Curves  for  60  Cycles  and  for  Im- 
pulse Waves  Nos.  1  and  2  Shown 
IN  Pigs.  3  and  4 


Fig.  6 — Sphere-Gap  Spark* 
Over  Curves  for  60  Cycles 
and  FOR  Impulse  Waves  Nos. 
1  AND  2,  Shown  in  Pigs.  3  and 
4  (Drawn  Curve  60  Cycles — 
Points,  Waves  Nos.  1  and  2) 


It  will  be  of  interest  to  take  a  specific  example  to  illustrate 
time  lag: 

At  10  cm.  spacing  between  needle  gaps,  the  60-cycle  spark- 
over  voltage  is  75  kv.;  the  impulse  spark-over  voltage  for  a 
given  wave  is  180  kv.;  the  time  lag  is  of  the  order  of  0.5  micro- 
seconds. For  spheres  set  at  75  kv.,  60  cycles,  the  spark-over 
voltage  for  this  impulse  is  75  kv.  and  the  time  lag  is  so  small 
it  cannot  be  detected,  it  is  probably  from  0.001  to  0.0001  that 
of  a  needle. 

Referring  to  the  special  form  of  sphere-horn  gap  which  is 
the  subject  of  Mr.  Allcutt's  paper: 

During  my  early  work  I  foimd  that  while  the  60-cycle  and 
impulse  spark-over  voltages  of  a  sphere  gap  were  approximately 
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equal,  the  impulse  spark-over  voltage  of  two  spheres  in  series 
was  much  higher  than  the  60-cycle  spark-over  voltage. 

In  other  words,  there  was  no  measurable  lag  for  a  single 
sphere  gap,  but  considerable  lag  when  two  sphere  gaps  were  placed 
in  series.  The  reason  for  this  is  that  the  two  gaps  do  not  break 
down  simultaneously  unless  the  voltage  divides  between  them 
in  proportion  to  their  respective  strengths.  One  gap  sparks 
over  and  puts  the  resistance  of  its  arc  in  series  with  the  other 
gap.  The  resistance  of  an  arc  depends  upon  the  current  flowing 
in  the  arc.  The  resistance  remains  high  because  the  current 
is  limited  by  the  capacity  of  the  sphere  that  has  not  yet  broken 
down.  Time  is  required  to  charge  this  capacity  up  to  break- 
down voltage  through  the  resistance.  This  can  be  illustrated 
by  experiment. 

I  found  that  this  time  lag  could  be  eliminated  if  the  gaps 


a*        C.9        it         *i        £ff        tA         eg        3£        J*        *iJ 
TfiTf^jif/c^vseevoa^  /rvt/r/  ^mrp  to  max.  a^ofif  a^/r*  i4-i?r« 

Fig.  7 — Time  and  Voltage  to  Spark-Over  Needle  Gaps  (Sine  Wave 

Impulse) 

were  made  to  divide  their  voltages  in  proportion  to  their  re- 
spective strengths  so  that  simultaneous  arcs  occurred  over  both 
gaps  and  thus  acted  as  a  single  arc,  as  in  a  uniform  field. 

In  the  gap  shown  by  Mr.  Allcutt,  the  division  of  voltage 
is  not  greatly  affected  under  ideal  conditions  at  60  cycles  by 
the  auxiliary  electrode.  The  auxiliary  electrode  is  held  at 
mid-potential  because  it  is  connected  at  the  mid-point  between 
the  two  equal  condensers.  (See  Fig.  9).  The  capacity  current 
is  too  small  at  60  cycles  to  cause  any  appreciable  **drop"  across 
the  resistance.  If  the  condenser  circuit  were  opened  on  one 
side,  the  gap  on  that  side  would  break  down  at  60  cycles  at  about 
half  voltage.  This  is  exactly  what  happens  under  impulse. 
For  steep  wave  fronts  the  resistance  has  the  effect  of  opening 
the  condenser  circuit  on  that  side.   (See  Fig.    10).     The  gap 
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on  that  side  breaks  down.  The  voltage  does  not  immediately 
disappear  across  the  arc.  The  gap  has  lag.  Corona  precedes 
spark-over.  The  complete  spark-over  voltage  is  higher. 
Whether  it  is  above  or  below  the  60-cycle  setting  depends  upon 
the  impulse.  The  effect  is  the  same  as  that  which  would  re- 
sult from  a  needle  gap  which  could  be  set  at,  for  instance, 
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Fig.  8 — Settings  of  Needle  and  12.5  cm.  Sphere  Gaps  for  Equal 
Impulse  Spark  over  Voltages  of  Various  Wave  Fronts 

(Impulse  Voltage  Setting  140  kv.  Max. — Waves  Single  Half 
Sine — 100  Kilocycles  and  900  Kilocycles) 

100  kv.  for  60-cycle  operation  and  instantly  and  automatically 
reduced  to  a  50  kv.  60-cycle  setting  whenever  an  impulse  came 
on  the  line.  For  moderately  steep  wave  fronts  the  spark- 
over  voltage  would  be  greater  than  50  kv.  and  less  than  100  kv., 
but  for  very  steep  wave  fronts,  the  mpulse  ratio  of  the50-kv. 
gap  would  be  greater  than  two,  or  the  spark-over  voltage  would 
be  greater  than  100  kv.    This  lag  is  shown  in  Mr.  Allcutt's 
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Fig.  9  Fig.  10 

data,  Figs.  13  and  14.  Super-voltages  are  equivalent  to  volt- 
ages of  increased  wave  fronts  and  increase  the  spark-over  voltage 
of  the  gap. 

Fig.  11  gives  data  which  I  have  obtained  on  such  a  gap  at 
3-in.  and  J^-in.  spacings.  You  will  note  the  characteristics 
are  as  discussed  above.     Starting  with  a  sphere  and  a  selective 
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sphere  at  the  same  60-cycle  setting,  3  in.,  the  sphere  arc-over 
voltage  remains  practically  constant  for  any  wave  front.  At 
a  moderate  wave  front  the  selective-gap  has  about  5  to  10 
per  cent  lower  arc-over  voltage  than  the  sphere,  while  for 
the  steeper  wave  fronts  the  voltage  is  higher.  For  steep  wave 
fronts  the  sphere  is  the  superior  gap.  My  tests  show  less  ad- 
vantage for  the  selective  gap  than  Mr.  Allcutt's.  (See  tests,  Tables 
I  and  II.  In  making  such  tests  it  is  important  to  be  sure 
that  the  impulse  generator  is  giving  a  pure  impulse  and  there 
are  no  secondary  oscillations,  otherwise  the  results  will  be  quite 
different. 

Mr.  AUcutt  points  out  the  important  fact  that  the  impulse 
voltage  necessary  to  discharge  a  given  gap  will  depend  upon 
the  point  on  the  60-cycle  voltage  wave  at  which  the  impulse 
reaches  the  gap. 
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There  are  three  cases  which  require  consideration: 
Case  A — ^where  the  impulse  occurs  at  the  zero  point  of  the 
60-cycle  wave  and  is  thus  not  affected  thereby.  The  impulse 
voltage  required  to  produce  discharge  may  be  denoted  by  A, 
Case  B — where  the  impulse  occurs  at  the  maximum  of  the 
60-cycle  wave  and  is  additive.  In  this  case  it  would  be  expected 
that  the  gap  would  discharge  when  the  sum  of  the  two  voltages 
reached  approximately  the  A  discharge  voltage  of  the  gap. 
Thus,  if  L  is  the  maximum  of  the  60-cycle  line  voltage,  approxi- 
mately, 

B  ^  A-  L 

Case  C — where  the  impulse  occurs  at  the  maximum  of  the 
60-cycle  voltage  wave,  but  in  the  opposite  direction.  In  this 
case  it  wou'd  be  expected  that  it  would  be  necessary  for  the 
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impulse  voltage  to  reduce  the  60-cycle  voltage  to  zero  and  rise 
to  a  value  A  in  the  opposite  direction,  or  approximately, 

C  ^  A  +  L 

For  Case  C,  the  impulse  voltage  would  rise  to  a  higher  value 
than  in  case  A  and  B  before  the  arrester  discharged.     End 


TABLE  I 
Sklbctivb  Sphbrb-Hokn 
(6-X-cm.  Spheres  with  Auxiliary  Electrode) 
One  tide  grounded. 


Gap  setting 

60-cycle 
spark- 
over 

kv.  max. 

60-cycle 
spark- 
over 
Kgap 
kv.  max. 

Impulse 
spark- 
over  totol 
gap 

*  Apparent 
impulse 
ratio 

Impulse 
ratio 

In. 

Cm. 

2 
3 

2 
3 

3 

3 
3 
3 
3 
3 
3 

1.27 
5.08 
7<62 

1.27 
5.08 
7.62 

1.27 
7.62 

7.62 
7.62 
7.62 
7.62 
7.62 
7.62 

38 
105 
121 

38 
106 
121 

38 
121 

121 
121 
121 
121 
121 
121 

23 
67 
88 

23 
67 
88 

23 
88 

88 
88 
88 
88 
88 
88 

83  Kilocycles  (Single  half  cycle)    ' 

28 

81 
113 

0.74 
0.77 
0.94 

1.21 
1.20 
1.29 

500  Kilocycles  (Single  half  cycle) 

32 
87 
109 

0.84 
0.83 
0.90 

1.40 
1.30 
1.24 

2000  Kilocycles  (Single  half  cycle) 

34 
114 

0.90                 1.48 
0.94                 1.30 

Impulse 
spark-over 
total  gap 

Apparent 

impulse 

ratio 

Wave  front 
volto/sec. 

113 

109 

114 
110  -  120* 
106  -  133* 
130  -  132* 

0.94 

0.90 

0.94 

0.91  -1.00 

0.88-110 

107  -  110 

0.4  XIO" 

6      XIO" 

22       XlOii 

60      XlOii 

110      X  1011 

133      XIO" 

Above  data  for  Case  A — Impulse  applied  at  sero  of  60-cycle  wave. 
^Ranse  of  equal  spark-over. 


turns  of  transformers  woud,  therefore,  be  subjected  to  the 
highest  stresses  for  Case  C. 

Tests  which  I  have  made  for  both  the  plain  sphere  and  the 
select  ve  sphere  check  approximately  with  the  conclusions 
which  were  arrived  at  above  from  theoretical  considerations. 

Mr.   Allcutt  came  to  the  same  theoretical  conclusions  as 
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outlined  above  for  the  sphere,  ior  A,  B  and  C  and  these  theo- 
retical results  are  plotted  accordingly  in  his  Fig.  17.  He  found 
from  tests  on  the  selective  gap  that  for  Case  B  the  impulse 
voltage  was  reduced  as  would  be  expected,  but  for  Case  C, 
quite  contrary  to  expectations,  the  impulse  required  to  spark- 
over  the  gap  was  the  same  as  in  Case  A.  It  is  difficult  to  rec- 
oncile his  tests  B  and  C,  since  if  an  additive  wave  reduces  the 
voltage,  a  subtractive  wave  should  increase  the  voltage.  My 
tests  show  this  to  be  the  case  for  both  gaps — ^in  other  words, 
that  the  relative  protective  values  of  the  sphere  and  the  selec- 
tive sphere  are  for  an  impulse  of  a  given  wave  front  approxi- 
mately the  same  for  all  three  cases. 

The  results  of  my  tests  are  given  in  Table  III.  These  tests 
were  a  1  made  with  the  impulse  at  which  the  selective  gap  dis- 
charges at  the  lowest  voltage  as  shown  in  Fig.  11.    Attention 


TABLE  II 
Impulse  and  00-Cycle  Spark-Over  Voltages  at  the  Impulse  Frequency  of  Minimum 
Disclatee  for  the  Selective  Gap. 


Selective  sphere-horn 

Gap  setting 

Impulse 

Sphere 

Pittsfield  tests 

Mr.  AUcutfs 

test 

fre- 

60-cy. 

quency 

ny 

Appar- 

Appar- 

kilo- 

^pulse 

60.cy. 

ent 

60  cy. 

ent 

In. 

Cm. 

cycles 

kv.max. 

kv. 

Impulse 

im- 

kv. 

Impulse 

im. 

max. 

kv.max 

pulse 
ratio 

max. 

kv.  max. 

puUe 
ratio 

M 

1.27 

500 

38 

•38 

32 

0.84 

t39 

12.5 

0.31 

2 

5.08 

500 

105 

105 

87 

0.83 

121 

65 

0.64 

3 

7.62 

500 

121 

121 

109            0.90 

147 

93.5 

0.64 

*60-cycle  values  for  one  sphere  grounded  as  in  an  arrester. 

t60-cycle  values  for  spheres  not  grounded. 

Above  data  for  Case  A — impulse  applied  at  zero  of  60-cycle  wave. 


is  called  to  the  great  difference  between  my  tests  and  Mr. 
AUcutts.  I  foimd  an  average  difference  of  only  about  15  per 
cent  between  the  sphere  and  selective  gap  for  Case  C  with 
the  impulse  giving  the  minimum  break-down  on  the  selective  gap. 
As  the  steepness  of  the  impulse  wave  front  is  decreased  this 
difference  disappears  and  the  discharge  voltages  become  equal; 
as  the  steepness  is  increased  the  difference  disappears  and 
finally  the  break-down  of  the  selective  gap  becomes  greater 
than  that  of  the  sphere.  (See  Fig.  11.) 

The  impulse  ratio  figures  given  by  Mr.  AUcutt  do  not  cor- 
respond to  what  I  original  y  termed  the  impulse  ratio,  in  my 
paper.  The  object  of  this  ratio  was  to  indicate  the  relative 
speed  of  different  gaps.  A  gap  without  time  lag  has  an  impulse 
ratio  of  one;  this  ratio  cannot  be  less  than  one.  Mr.  Allcutt 
g  ves  values  of  less  than  one,  although  the  gap  is  slow.     The 
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Fig.   r2A — Relative  Protective 
Values  of  Spheres  and  Points 

f^o-cycle  spark-over  voltage  setting  in  kilo- 
volts  maximum. 

Insulator         Spheres  Points 

120  77  77 


Fig.   12b — Relative  Protective 
Values  of  Spheres  and  Points 

6o-cycU  spark-over  voltage  setting  in  kilo 
volts  maximum. 

i.ia-irtor  Spheres  Points 

:>L'  i:J7  77 


The  spheres  protect  by  discharging  the 
impulse.  The  points  have  the  same  6o-iyclr 
voltage^sctting  but  do  not  discharge. 


Although  the  sphere  6o-ryflr  spark-over 
voltage  setting  is,  in  this  case,  higher  than 
that  of  either  the  insulator  or  the  points,  the 
spheres  protect  because  the  sphere  "light- 
ning" spark-f)'-  voltages  is  the  lowest  of  the 
three. 


[peek] 

Fig.   r2c — Rel.ative  Protective 
Values  of  Spheres  .\nd  Points 

6o-cycl€  spark-over  voltage  settings  in  kil* 
volts  maximum. 

Insulator         Spheres  Points 

120  77 


The  points  do  not  protect  because  of  their 
very  high  "lightning"  spark-over  voltage. 

The  spark-overs  shown  are  due  to  a  succes- 
sion of  steep  wave  point  impulses  applied  to 
the  line. 
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Fig.  13a — Sphere  and  Horn  Gaps 
Having  a  Steep  Wave-Front 
Voltage  Applied 

60-cycle   spark-over   voltage   settings   (kv- 
max.) 

Spheres  250     Horns  140 


[peek] 

Fig.  13b — Sphere  and  Horn  Gaps 

Having  a  Slanting  Wave-Front 

Voltage  Applied 

60-cycle   spark-over   vf>ltaKe   settings   (kv.- 
max.) 

Spheres  2.'>0      Horns  140 
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impulse  arc-over  voltage  divided  by  the  60-cycle  voltage  of 
half  the  gap  wou'd  give  this  figure  for  the  selective  gap.  See 
Table  II.  I  mention  this  merely  to  prevent  confusion  in  re- 
gard to  my  original  use  of  the  term.  Mr.  Allcutt's  ratio  is  an 
apparent  impulse  ratio.  As  an  instance,  take  the  3-in.  setting 
for  a  600-kc.  wave;  Mr.  AUcutt  finds  an  impulse  spark-over 
voltage  o'  93,  while  my  tests  give  an  impulse  voltage  of  109. 
My  tests  give  an  apparent  impulse  ratio  of  0.90;  Mr.  AUcutt's 
0.64.  Part  of  this  discrepancy  is  due  to  the  fact  that  Mr. 
Allcutt  takes  the  non-grotmded  value  of  121  kv.  for  the  60-cycle 
voltage  while  the  grounded  value  of  121  kv.  should  be  used. 
Any  gain  due  to  the  selective  sphere-horn  is,  in  effect,  that 


TABLE  III 

Effect  on  the  60-Cycle  Voltage  on  the  Impulse  Spark-Over 

Comparison  of  Sphere  and  Selective  Sphere-Horn  at  the  Impulse  Frequency  of  Minimum 

Discharge  for  the  Selective  Gap. 


Spac 

ing 

Selective  i 
impulse 
kv.  max 

rap 

Sphere  gap 
impulse 
kv.  max. 

♦Ratio 

Selective 

Spherc 

In. 

Cm. 

A    1 

B     1 

C 

A      1      B      1      C 

A 

1    B      1      C 

1 
2 
3 

1 
2 
3 

2.54 
5.08 
7.62 

2.54 
5.06 
7.62 

Pittsfield  TesU 

49 

87 
113 

54 
54 
67 

97 
115 
147 

68 
105 
121 

52 

60.6 

86 

108 
148 
160 

0.73 
0.83 
0.94 

1.04 
0.90 
0.78 

0.90 
0.78 
0.92 

Mr.  Allcutfs  TesU 

30 
65 
93.5 

9 
22 
45 

32 
68 
96 

71 
121 
147 

35 
67 

.  74 

107 
181 
220 

0.42 
0.54 
0.63 

0.25 
0.36 
0.61 

0.30 
0.37 
0.44 

♦Tests  made  at  500  kc.  or  at  the  wave  front  giving  the  minimum  discharge  on  the  selec- 
tive gap. 
Applied  60-cycle  voltage  ■■  half  60-cycle  discharge  voltage  of  the  gap. 
Case  A — Impulse  applied  at  zero  of  60-cycle  wave. 
Case  B — Impulse  applied  at  maximum  of  60-cycle  wave-additive. 
Case  C — Impulse  applied  at  maximimi  of  60-cycle  wave-subtractive. 

of  raising  the  operating  voltage  and  not  of  time  lag.  Any 
apparent  laboratory  gain  is  thus  lost  if  practise  makes  a  large 
increase  in  spacing  necessary.  Greater  gains  of  a  similar  nature 
may  be  made  in  other  ways.  Rain  lowers  the  60-cycle  arc- 
over  voltage  of  a  gap.  It  is,  for  this  reason  necessary  to  set 
a  gap  installed  outside,  at  about  double  the  voltage  of  a  gap 
installed  inside.  A  fast  gap  protected  from  rain  has  been 
devised  which  makes  a  much  greater  practical  gain  for  all  wave 
fronts  than  that  obtained  by  the  selective  gap,  at  its  minimum 
discharge  voltage.  This  is  obvious  since  the  average  apparent 
gains  due  to  impulses  under  the  best  conditions  with  the  selec- 
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tive  gap,  Figs.  9  and  11,  are  only  10  to  15  per  cent,  while  a  covered 
gap  cuts  the  voltage  in  half.  A  covered  fast  gap  is  of  greatest  im- 
portance. 

So  far  the  problem  has  only  been  discussed  from  the  ar- 
rester standpoint.  While  it  is  important  to  design  an  arrester 
gap  of  low  impulse  arc-over  voltage,  it  is  equally  important 
to  design  leads,  insulators,  and  insulation  for  high  impulse 
puncture  and  arc-over  voltages.  Great  strides  have  been  made 
in  this  direction. 

Percy  H.  Thomas  (Read  by  L.  W.  Chubb):  Mr.  AUcutt 
has  devised  an  apparatus  which  will  cause  a  discharge  over 
the  spark  gap  more  easily  as  the  result  of  a  voltage  impulse  of 
steep  wave  front  than  as  a  result  of  commercial  frequency 
current.  Furthermore,  the  effectiveness  of  the  arrangement 
does  not  vary  numerically  with  the  frequency  but  rather  may 
be  said  to  be  effective  for  all  frequencies  above  a  critical  inter- 
mediate range,  which  is  the  author's  intention  and  the  desired 
characteristic.  From  a  certain  point  of  view  the  apparatus 
described  by  Mr.  Allcutt  has  characteristics  especially  adapted 
to  the  protection  of  commercial  electrical  apparatus  from  high- 
frequency  discharges.  From  certain  other  points  of  view, 
however,  considerations  might  be  urged  to  minimize  its  import- 
ance. For  example,  experience  may  show  that  it  is  not  de- 
sirable to  cause  the  spark  gap  to  discharge  with  very  high-fre- 
quency impulse.  In  commercial  circuits  there  may  be  very 
many  relatively  harmless  impulses  of  sufficient  abruptness  to 
cause  Mr.  Allcutt 's  apparatus  to  act  when  no  actual  protection 
is  required. 

It  might  happen,  for  example,  with  the  device  adjusted  in 
such  a  way  that  high-frequency  impulses  of  voltages  not  too 
high  to  be  safe  did  not  discharge  that  an  adjustment  would 
result  which  did  not  discharge  commercial  frequency  impulses 
easily  enough.  In  other  words,  is  not  the  ideal  condition  a 
discharge  ratio  of  unity?  The  abrupt  discharge  to  ground  of 
a  voltage  impulse  on  the  terminal  of  a  transformer  may  be 
far  more  severe  on  the  end  turns  than  the  original  impulse. 
This  results  not  only  because  the  swing  of  voltage  is  greater 
with  the  discharge  to  ground  but  because  it  may  be  of  even 
a  higher  frequency  than  that  of  the  original  impulse. 

It  may  also  be  said  that  it  is  only  under  the  most  favorable 
and  very  unusual  conditions  that  a  disturbance  of  a  frequency 
as  high  as  500,000  cycles  can  be  met  with  in  transmission  lines. 
The  size  of  conductors  and  all  apparatus  connected  with  a 
commercial  system  are  of  such  high  capacity  and  inductance 
that  practically  all  impulses  will  be  of  much  lower  frequency. 
Again,  these  very  high-frequency  discharges  are  of  very  small 
energy  content,  so  that  they  would  ordinarily  be  absorbed 
in  any  commercial  system  or  any  commercial  apparatus  without 
producing  any  considerable  rise  in  potential.  Especially  if 
their  initial  voltage  be  so  high  as  to  break  down  any  commer- 
cial lightning  arrester. 


Digitized  by  VjOOQ IC 


19181  DISCUSSION  AT  ATLANTIC  CITY  867 

It  is  not  safe,  however,  to  object  to  such  new  devices  as  are 
proposed  by  Mr.  AUcutt  on  purely  theoretical  grounds,  for 
actual  trial  often  reverses  conclusions  based  on  theoretical  con- 
siderations. 

It  would  seem  to  me  that  a  particularly  favorable  field  for 
the  trial  of  this  devise  would  be  distribution  systems  carrying 
house  lighting  transformers  from  2000  to  5000  volts.  These 
transformers  suffer  frequent  injury,  and  adequate  arc  suppress- 
ing devices  are  available  in  case  of  the  use  of  very  sensitive 
lightning  arresters. 

L.  W.  Chubb:  This  work  of  Mr.  Allcutt's  is  very  interesting 
and  the  tests  in  all  cases  made  in  shunt  with  the  sphere-gap,  leave 
no  doubt  regarding  the  quickness  of  the  gap  and  the  fact  that 
it  limits  the  voltage  to  a  reasonable  figure. 

Some  time  ago  we  ran  impulse  tests  on  electrical  porcelain 
and  other  dielectric  materials,  and  the  results  show  distinctly 
that  voltage  impulses  of  short  duration  far  above  the  ordinary 
breakdown  voltage  of  the  insulator  may  be  applied  repeatedly 
without  rupttire.  Each  impulse,  however,  produces  a  permanent 
injiuy  and  eventually  the  insulation  will  give  way  under  the 
repeated  stress.  High-frequency  impulses  coming  in  and  strik- 
ing the  end  turns  of  a  transformer  will  not  break  it  the  first 
time,  or  for  many  times.  Each  time  such  an  impulse  comes 
it  will  cause  a  certain  permanent  injury,  and  repeated  disturb- 
ances will  eventually  cause  failure. 

The  selective  properties  of  Mr.  Allcutt's  gap  seem  to  me  to 
be  of  great  importance  for  it  takes  care  of  the  first  half  cycle 
of  a  wave  train  which  starts  in  opposition  to  the  instantaneous 
value  of  line  voltage.  The  ordinary  gap,  under  the  same 
conditions,  set  to  double  line  voltage  will  require  three  times 
normal  voltage  to  discharge  on  the  first  half  cycle  of  the  wave 
train,  which  will  seriously  injure  the  insulation  of  inductive 
end  turns.  The  usual  gap  will,  of  course,  discharge  on  the 
second  alternation  in  this  case,  but  this  is  too  late  as  the  voltage 
rise  has  not  been  restricted  and  the  harm  has  been  done. 

C.  T.  AUcutt:  I  am  very  glad  to  hear  from  Mr.  Peek  on  this 
subject  and  to  find  that  he  is  conducting  some  experiments  to 
check  the  results  I  have  obtained.  It  would  appear  from  the 
data  and  ciirves  that  Mr.  Peek  has  included  in  his  discussion,  that 
there  is  a  serious  lack  of  agreement  in  our  results.  It  is  un- 
fortunate that  Mr.  Peek  has  neglected  to  give  any  data  con- 
cerning the  construction  of  the  gaps  tested  by  him  or  the  test 
methods  employed.  If  such  information  had  been  included  in 
his  discussion  I  feel  confident  that  the  cause  of  the  apparent 
discrepancies  could  be  readily  pointed  out. 

The  partictdar  forms  of  gap  for  which  I  have  presented  test 
data  are  but_  two  of  a  large  number  of  forms  of  gap,  based  on 
the  same  principle,  that  have  been  tested  in  our  laboratory. 
The  gaps  described  are,  naturally,  the  preferred  forms,  i.e.,  those 
that  give  the  best  results  consistent  with  a  commercially  prac- 
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ticable  construction.  Any  considerable  modification  of  the  con- 
struction described  may  result  in  a  large  increase  in  the  impulse 
discharge  voltage. 

I  do  not  believe  that  Mr.  Peek  appreciated  the  importance 
of  having  the  auxiliary  electrode  of  such  small  dimensions  so  as 


1  2 

GAP  IN  INCHES 

Fig.  14 — Impulse  Gap 


to  be,  in  effect,  a  point  electrode.  Perhaps  the  fault  is  mine  for 
having  insufficiently  emphasized  the  importance  of  this  point  in 
my  paper.  For  example,  Mr.  Peek  states  that  the  60-cycle  dis- 
charge voltage  between  the  auxiliary  electrode  and  one  of  the 
main  electrodes  is  about  one-half  the  discharge  voltage  of  the 


1  2 

GAP  IN  INCHES 

Fig.  15 — Peek's  Gap 


main  gap.  This  is  clearly  not  the  case  where  a  point  auxiliary 
electrode  is  used.  In  the  sphere-horn  gap  tested  by  me,  the 
60-cycle  discharge  voltage  between  the  auxiliary  electrode  and 
one  of  the  main  electrodes  was  approximately  one  quarter  the 
discharge  voltage  of  the  whole  gap.     (See  Fig.  14).     In  the  gap 
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tested  by  Mr.  Peek,  conditions  were  qviite  different,  as  is  shown 
by  Pig.  15,  which  was  plotted  from  the  data  given  in  Table  I 
of  his  discussion.  It  is  evident  that  Mr.  Peek  used  an  auxiliary 
electrode  of  quite  different  dimensions  from  that  described  in 
my  paper.  This  alone  is  stifficient  to  account  for  his  failure  to 
secure  results  comparable  with  my  own,  as  the  impulse  dis- 
charge voltage  is  largely  dependent  on  the  60-cycle  discharge 
voltage  of  the  half  gap. 

In  the  footnote  to  his  Table  II  and  again  in  the  text  of  his 
disctission,  Mr.  Peek  intimates  that  I  used  the  standard  un- 
grounded sphere  gap  calibration  curve  as  representing  the  60- 
cycle  discharge  characteristics  of  the  gap  under  test.  As  I 
stated  in  my  paper,  the  60-cycle  discharge  voltage  of  the  gap 
under  test  was  obtained  by  comparison  with  a  standard  25-cycle 
sphere  gap.  All  tests  were  made  with  one  electrode  grounded. 
The  presence  of  the  horns  and  the  height  of  the  gap  above  ground 
both  tended  to  make  the  60-cycle  discharge  curve  somewhat 
higher  than  the  standard  grounded  calibration  curve  for  6.25- 
cm.  spheres.  Mr.  Peek  apparently  was  misled  by  the  fact  that 
the  experimentally  determined  60-cycle  discharge  curve  for  the 
sphere  horn  gap  with  one  side  grounded,  happened  to  correspond 
quite  closely  with  the  standard  nan-ground^  curve  for  6.25-cm. 
spheres. 

In  another  part  of  his  discussion  Mr.  Peek  objects  to  my 
use  of  his  own  very  apt  expression  ''impulse  ratio."  Mr.  Peek 
introduced  this  term  some  three  years  ago  with  these  words: 
"We  have  termed  the  ratio  of  the  impulse  breakdown  voltage 
to  the  continuously  applied  breakdown  voltage  the '*  Impulse 
Ratio."  In  my  paper  I  defined  impulse  ratio  practically  in 
Mr.  Peek's  own  words  and  attempted  to  use  the  term  in  strict 
accordance  with  his  own  definition. 
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THE  OXIDB  FILM  LIGHTNING  ARRESTER 


BY  CHARLES  P.  STEINMETZ 


Abstract  of  Papbr 

A  short  history  of  liehtning  protection  of  electric  systems  is 
given,  as  relating  to  the  three  successive  types  of  electric  cir- 
cuits; the  communication  circuits,  the  power  arcuits  of  negli^ble 
electrostatic  capacity,  and  the  high-power  circuits  containing 
distributed  capacity  and  inductance  and  capable  of  electric  oscilla- 
tion, leading  to  the  three  problems  of  discharging  over-voltage 
to  ground,  opening  the  power  current  which  follows  the  discharge 
and  discharging  so  that  no  power  current  follows  even  for  a 
fraction  of  a  half  wave.  It  is  shown  that  these  problems  are 
solved  by  the  spark  gap  to  ground,  by  the  use  of  non-arcing 
metals  in  the  multigap  arrester,  which  opens  the  circuit  at  the 
end  of  a  half  wave  of  current,  and  by  the  so-called  "counter 
e.m.f ."  type  of  arrester,  represented  by  the  aluminum  cell  and  the 
oxide  film  arrester. 

It  is  shown  that  the  necessitv  of  taking  care  of  recurrent  dis- 
charges in  high-power  systems  had  led  to  the  universal  adoption 
of  the  aluminum  cell  arrester  in  such  systems,  in  spite  of  its  dis- 
advantage of  requiring  dailv  attendance  in  charging,  and  of 
containing  an  electrolyte  and  oil. 

In  the  oxide  film  arrester  a  type  of  arrester  is  presented  which 
has  the  same  characteristics  and  therefore  the  same  advantages 
as  the  aluminum  cell  arrester,  but  does  not  require  daily  attend- 
ance and  contains  no  liquids. 

Its  method  of  operation  is  explained,  and  its  difference  from 
the  aluminum  cell  arrester;  the  dielectric  film,  which  punctures 
under  the  discharge,  and  reseals  after  the  discharge,  is  formed 
from  the  solid  materials  between  the  terminal  plates,  compressed 
PbOs,  and  therefore  no  spontaneous  chemical  action  occurs 
which  diss<^ves  the  film,  as  in  the  aluminum  cell,  in  which  the 
film  forms  from  the  aluminum  electrode,  gradually  dissolves, 
and  therefore  requires  daily  charging. 

A  short  description  of  the  construction  of  the  oxide  film  arrester 
is  given,  a  record  of  its  operation  in  industrial  service  for  over 
three  years,  and  oscillograms  showing  the  performance  of  this 
arrester  under  recurrents,  oscillations  and  under  high-power  im- 
pulses. 

THREE  periods  can  be  distingtdshed  in  the  development  of 
lightning  arresters,  corresponding  to  the  three  periods  of 
the  tise  of  electricity: 

(1)  Electric  circuits  of  negligible  power,  telegraph  and  tele- 
phone. 

(2)  Electric  power  circuits  of  negligible  electrostatic  capacity; 
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d-c.  lighting  and  railway,  a-c.  secondary  and  2300-volt  primary 
distribution. 

(3)  High-voltage  electric  power  circuits,  transmission  lines,  etc. 

(1)  In  electric  circuits  of  negligible  power,  such  as  telegraph 
and  telephone  circuits,  a  simple  minute  spark  gap  to  ground 
afforded  protection  by  discharging  lightning  to  ground,  and  was 
sufficient  until  the  recent  years,  when  with  the  general  intro- 
duction of  electric  power  circuits  the  problem  arose,  in  electric 
communication  circuits  to  take  care  of  crosses  with  power  cir- 
cuits. 

(2)  .In  electric  power  circuits,  a  simple  spark  gap  to  ground 
became  insufficient  for  protection,  since  the  power  current,  fol- 
lowing the  lightning  discharge  as  arc,  short-circuited  the  system 
and  burned  up  the  arrester.  The  problem  then  arose,  to  safely 
open  the  short  circuit  of  the  machine  current  to  ground,  through 
the  lightning  arrester,  after  the  lightning  discharge  has  passed, 
and  to  leave  the  arrester  in  operative  condition  to  receive  fol- 
lowing lightning  discharges. 

Of  the  various  devices  developed  heretofore,  the  magnetic 
blow-out  lightning  arrester  still  is  used  in  direct-current  railway 
circuits. 

The  first  scientific  investigation  of  this  problem,  is  recorded 
in  the  paper^  by  A.  J.  Wurts,  presented  before  the  A.  I.  E.  E.  at 
the  meeting  of  May  1894.  Since  that  time  all  lightning  arresters 
for  alternating-current  power  circuits  of  negligible  electrostatic 
capacity  are  based  on  the  multigap  principle  between  non-arcing 
metals,  whatever  constructive  forms  the  arrester  may  assume — 
as  the  present  compression  chamber  lightning  arrester.  The 
multigap  arrester  operates  on  the  principle,  that  the  lightning 
discharge  over  the  multigaps  closes  the  circuit  to  ground,  but 
the  power  arc  following  the  discharge  extinguishes  at  the  end 
of  the  half  wave  of  the  alternating  current,  as  the  non-arcing 
character  of  the  gaps  does  not  permit  the  reverse  current  of  the 
next  half  wave  to  start.  The  multigap  arrester  thus  short- 
circuits  for  a  part  of  a  half  wave.  It  obviously  is  suited  only  for 
alternating   currents. 

For  years  difficulties  were  met  with  the  question  of  resistance ; 
without  series  resistance,  in  large  systems  the  short-circuit  power 

1.  Trans.  A.  I.  E.  E.,  1894,  Vol.  XI,  p.  337,  *' Discriminating 
Lightning  Arresters  and  Recent  Progress  in  Means  for  Protection  Against 
Lightning'*,  by  A.  J.  Wurts. 
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even  of  a  part  of  a  half  wave  may  be  sufficient  to  disable 
and  destroy  the  arrester,  while  the  use  of  a  series  resistance, 
while  limiting  the  power  current  and  thereby  protecting  the 
arrester,  also  limited  the  discharge  capacity  and  thereby  re- 
duced the  protection.  This  problem  was  solved  by  the  use  of 
multigaps  shunting  the  series  resistance,  so  that  moderate  dis- 
charges passed  over  the  resistance,  while  high  power  lightning 
discharges  found  a  path  without  series  resistance,  over  the 
shunted  gaps,  and  at  the  same  time,  the  shunting  resistance 
made  the  power  arc  at  the  shunted  gaps  unstable  and  thus  as- 
sisted in  the  extinction  of  the  short  circuit  at  the  end  of  the 
half  wave.* 

(3)  As  soon  however,  as  circuits  came  into  use,  which  had 
considerable  electrostatic  capacity,  such  as  high-voltage  transmis- 
sion circuits,  extended  underground  cable  systems,  or  lower 
voltage  circuits  (including  generator  circuits)  inductively  con- 
nected with  such  circuits,  the  multigap  arrester  failed  by  fre- 
quently, or  even  usually  destroying  itself  by  the  discharge,  burn- 
ing up. 

In  such  circuits,  oscillations  between  capacity  and  inductance 
may  occur,  started  by  a  lightning  discharge  or  any  internal  dis- 
turbance such  as  switching  etc.,  resulting  in  recurrent  high-fre- 
quency oscillations,  of  which  the  arcing  ground  on  a  transmission 
line  is  typical  and  probably  best  known.  With  such  continual 
discharges,  often  several  per  half  wave,  the  multigap  arrester 
short-circuits  at  the  first  oscillation,  for  the  remainder  of  the  half 
wave,  and  while  the  multigap  functions  properly  and  opens  the 
short  circuit  at  the  end  of  the  half  wave,  the  oscillation  of  the 
next  half  wave  again  short-circuits,  and  so  on,  so  that  the  effect 
is  that  of  a  continuous  short  circuit,  and  no  lightning  arrester, 
no  matter  how  large,  can  dissipate  the  short-circuit  power  of 
a  big  system  for  any  appreciable  time. 

For  such  systems,  in  which  recurrent  high  frequency  oscil- 
lations, as  arcing  grounds,  may  occur,  a  lightning  arrester  is 
necessary,  which  does  not  short-circuit  the  machine  current 
even  for  a  fraction  of  a  half  wave,  but  merely  discharges  the  over 
voltage,  the  oscillation  which,  however  high  in  voltage  it  may 
be,  is  small  in  energy  compared  with  the  short-circuit  power  of 

2.  Sec  A.  I.  E.  E.  Trans.,  1907,  Vol.  XXVI,  p.  425,"  ProUction  Against 
Lightning,  and  the  Multigap  Lightning  Arrester''  by  D.  B.  Rushmore  and 
D.  Dubois. 
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the  system,  as  it  represents  only  the  stored  energy  of  capacity 
and  inductance.  The  only  arrester  of  this  character  heretofore 
was  the  electrolytic,  or  aluminum  cell  lightning  arrester,  devel- 
oped by  E.  E.  P.  Creighton,  J.  L.  R.  Hayden,  P.  W.  Peek  and 
others.  It  acts  towards  an  over-voltage  discharge  like  a  counter 
e.  m.  f .  equal  to  the  normal  circuit  voltage,  and  the  discharge 
current  passing  through  the  arrester  thus  is  the  short-circuit 
current  of  the  over  voltage,  while  the  normal  machine  voltage 
does  not  discharge,  is  held  back  and  not  disturbed.  The  alum- 
inum cell  arrester  thus  can  discharge  continual  disturbances, 
over-voltage  oscillations  occurring  at  every  half  wave,,  for  a  con- 
siderable time,  half  an  hour  to  several  hours,  before  it  is  endang- 
ered by  the  temperature  rise  due  to  the  accumulated  energy  of 
these  discharges. 

The  altunintmi  cell  arrester  comprises  a  series  of  cells — usually 
conical  and  stacked  into  each  other — of  aluminum  electrodes 
with  an  electrolyte,  of  which  neither  the  salt  nor  its  ions  appre- 
ciably dissolve  alumina.  In  ''forming"  the  cell,  by  an  alter- 
nating current  passing  through  it,  the  electrodes  are  coated  by 
a  thin  non-conducting  film  of  aliunina,  which  grows  in  thickness 
until  it  holds  back  the  impressed  voltage.  Any  over-voltage 
punctures  this  film,  but  the  current  passing  through  the  punc- 
ture holes,  again  forms  alumina  and  closes  the  holes.  Thus  the 
alumintmi  cell  acts  like  a  self  repairing  electrostatic  condenser 
of  a  disruptive  strength  equal  to  the  impressed  voltage:  about 
260  to  300  volts  per  cell. 

The  practical  experience  of  the  last  ten  years  has  proven  the 
aluminum  cell  arrester  as  the  only  type  capable  of  affording  pro- 
tection in  modem  high-power  circuits,  and  proven  this  so  con- 
clusively, as  to  lead  to  its  universal  adoption  in  such  circuits 
in  spite  of  the  inconveniences  incident  to  the  need  of  daily  atten- 
tion in  charging,  the  use  of  a  liquid  electrolyte,  and  the  diflBculty 
of  testing  the  arrester  without  taking  it  apart,  except  by  watch- 
ing the  appearance  of  the  charging  arc,  or  measuring  the  charging 
current. 

These  inconveniences  incident  to  the  alumintmi  cell  arrester 
were  well  realized  however,  and  as  soon  as  the  minor  troubles 
met  with  the  aliuninum  cell  arrester  in  the  early  years  had  been 
overcome  engineers  went  energetically  to  work  on  the  problem 
of  developing  a  lightning  arrester  of  the  characteristics  of  the 
aluminum  cell  arrester,  but  which  does  not  require  any  attention 
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beyond  that  given  to  every  apparatus  in  a  well  managed  system, 
that  is,  an  occasional  inspection,  at  least  once  or  twice  a  year. 

Numerous  researches  were  made  by  the  engineers  whose  splen- 
did work  I  here  acknowledge:  Messrs.  H.  D.  Brown,  E.  E.  P. 
Creighton,  Crosby  Field,  V.  E.  Goodwin,  J.  L.  R.  Hayden,  N.  A. 
Lougee,  and  G.  B.  Phillips.  Some  of  these  researches  have  not 
yet  led  to  results  ready  for  communication,  but  I  am  glad  to 
present  to  you  here  as  the  result  of  the  work  of  these  men,  and 
more  particularly  of  E.  E.  P.  Creighton,  Crosby  Pield  and  N. 
A.  Lougee,  in  the  Oxide  Film  Lightning  Arrester  a  new  type  of 
lightning  arrester,  which  has  all  the  characteristics  and  advan- 
tages of  the  alumintmi  cell  arrester,  but  does  not  require  any 
charging  and  thus  requires  no  special  attention,  contains  no 
liquid  electrolyte,  no  inflammable  material,  and  like  the  alu- 
minum cell  arrester,  can  be  located  outdoors  as  well  as  indoors. 

The  oxide  film  arrester,  like  the  aluminum  arrester,  acts  like 
a  counter  e.  m.  f .  equal  to  the  normal  circuit  voltage,  freely  dis- 
charging any  over  voltage,  but  holds  back  the  normal  machine 
voltage.  Thus  the  discharge  is  limited  to  the  energy  of  the 
over  voltage,  as  in  the  aluminum  arrester,  and  like  the  latter, 
the  oxide  film  arrester  can  continuously  discharge  recurrent 
surges,  such  as  arcing  grounds  etc.,  without  endangering  itself, 
for  a  considerable  time,  sufficiently  long  to  notice  and  eliminate 
the  disturbance. 

Compared  with  the  almost  entire  absence  of  knowledge  of  light- 
ning phenomena  in  electric  circuits,  under  which  Mr.  Wurts  had 
to  work  in  developing  the  non-arcing  metal  multigap  lightning 
arrester,  our  present  knowledge  of  lightning  phenomena  is  very 
great.  Nevertheless,  there  are  so  many  disturbances  in  large 
electric  systems,  which  we  cannot  or  only  incompletely  repro- 
duce in  our  laboratories,  that  the  final  decision  on  the  success, 
that  is,  the  effectiveness  and  permanence  of  a  lightning  arrester, 
still  is  best  given  by  the  experience  in  industrial  systems. 

Therefore,  after  extensive  laboratory  tests  had  been  completed 
and  had  proven  the  oxide  film  arrester  as  of  the  same  character- 
istic as  the  almninum  arrester,  but  requiring  no  special  attention, 
a  number  of  industrial  installations  were  made,  and  more  added 
the  next  year  and  the  third  year.  Now,  however,  when  a  con- 
siderable number  of  installations  of  these  arresters,  for  voltages 
from  110  to  33,000,  have  been  in  successful  operation,  some  for 
over  three  years,  and  have  proven  their  protective  value  and 
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their  permanence,  I  consider  it  desirable  to  bring  the  arrester  to 
your  attention. 

Of  the  numerous  tests  made  on  the  performance  of  the  arrester, 
it  may  be  sufficient  here  to  give  only  two,  by  the  oscillograms 
Figs.  1  to  4,  showing  the  action  on  a  recurrent  oscillation,  in  Figs. 

1  and  2,  and  on  a  single  high-power  impulse,  Figs.  3  and  4. 

The  tests,  oscillograms  Figs.  1  and  2,  were  made  in  the  usual 
manner:  a  stirge  or  continual  oscillation  was  produced  by  a  large 
condenser,  connected  to  an  alternating-current  supply  and  dis- 
charging over  a  spark  gap  through  an  inductance.  The  latter 
was  chosen  so  as  to  give  a  frequency  of  1200  cycles  to  the  oscil- 
lation,, and  thereby  bring  it  well  within  the  range  of  the  oscillo- 
graph. This  surge  was  impressed  upon  the  apparatus  to  be 
protected,  a  transformer  energized  by  another  alternating-cur- 
rent circuit.  Fig.  1  shows  the  oscillogram  without  protection 
of  the  transformer,  and  Fig.  2  the  oscillogram  with  an  oxide  film 
cell  shunting  the  transformer  and  thereby  protecting  it. 

In  Fig.  1,  the  lowest  curve  shows  the  voltage  of  the  320- volt 
47-cycle  power  supply  circuit  of  the  transformer,  with  the  oscil- 
lations superimposed  on  it,  rising  to  surge  peaks  of  2800  volts. 
The  upper  curve  shows  the  oscillating  currents  passing  through 
the  transformer,  rising  to  current  peaks  of  40  amperes.  The 
middle  curve  is  absent,  as  no  arrester  is  used  in  this  test.     In  Fig. 

2  however,  where  an  oxide  film  cell  is  shunted  across  the  trans- 
former, the  middle  oscillogram  shows  the  current  oscillations 
passing  through  the  arrester,  with  peaks  of  35  to  41  amperes. 
The  lower  curve  in  Fig.  2  then  shows  again  the  circuit  voltage 
wave  impressed  upon  the  transformer,  with  the  oscillations  cut 
down  by  the  oxide  film  cell.  This  voltage  wave,  the  lower  curve 
in  oscillogram  Fig.  2,  well  illustrates  the  characteristic  action  of 
this  type  of  ''counter-e.  m.  f.  arrester" — to  which  the  oxide  film 
arrester  and  the  alimiinum  cell  belong.  The  oscillation  peaks 
are  sharply  cut  off  at  a  maximum  voltage  of  60  per  cent  above 
circuit  voltage:  the  value  for  which  the  spark  gap  was  set.  As 
the  result,  the  oscillations  are  very  greatly  cut  down  from  the 
high  values  which  they  have  in  the  unprotected  circuit  Fig.  1 
(2800  volts),  and  become  unsymmetrical.  The  half  waves  of  os- 
cillation in  the  same  direction  as  the  circuit  voltage  are  greatly 
reduced,  by  the  limitation  of  the  voltage  to  60  per  cent  above- 
normal,  while  the  reverse  half  waves — which  lower  the  instan-' 
taneous  circuit  voltage—  are  less  affected.  Corresponding  there- 
to the  discharge  current  through  the  arrester,  th?  middle  oscil- 
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PLATE  XXXIV. 

A.  I.  E.  E. 

VOL.   XXXVII,  1918 


Fig  1— Surge  Discharge  as  in  Fig.  2 — No  Arrester  in  Circuit 

Top  vibrator— current      through    transfonrer. 
Bottom  vibrator — circuit    voltase. 
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Pjq  2 Surge  Discharge  Through  Arrester  Cell 

Top  vibrator-^-cycle  timing  wave. 
Middle  vibrator— current  through  arrester. 
Bottom  vibrator— voltage  across  arrester. 
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PLATE  XXXV. 

A.  I.  E.  E. 

VOL.  XXXVII,  1918 


Fig.  3 — Single  Impulse  Discharge — No  Arrester  in  Circuit 


Top  vibrator — 60-cycle  timing  wave 
Bottom  vibrator — circuit  voltage. 


^/<r*tj 


i,rft#i»^^Su_ 


ISTEINMKTZ] 

Fig.  4 — Single  Impulse  Discharge  as  in  Fig.  3 — Arrester  in  Circuit 

Top  vibrator — 60-cycle  timing  wave. 
Middle  vibrator — current  through  arrester. 
Bottom  vibrator — voltage  across  arrester. 
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PLATE  XXXVI. 
A.  I    E.  E. 

VOL.   XXXVII,   1918 


Fig.  5 — Type  "O  F"  Lightning 
Arrester  Cell 


[STEINMETZ] 

Fig.  6 — Type  "O  F"  Lightning  Arresters  With  Covers  Removed 
Ratings  325-650,  900-1350,  2100-2600-Volt  Alternating  Current 
OR  Direct  Current  Respectively 
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logram  in  Fig.  2,  is  unsymmetrical  also:  in  the  first  and  second 
oscillation  of  Fig.  2,  the  first  and  third  half  wave  of  oscillating 
voltage  is  cut  off,  and  the  first  and  third  half  wave  of  the  oscil- 
lating discharge  current  therefore  higher  than  the  second  half 
wave  of  the  oscillating  discharge,  which  latter  corresponds  to  a 
half  wave  of  oscillating  voltage  in  opposition  to  the  circuit  volt- 
age, therefore  not  raising  the  circuit  voltage.  The  third  oscil- 
lation of  Fig.  2  happens  to  start  with  a  half  wave  of  oscillating 
voltage  in  opposition  to  the  circuit  voltage,  and  the  first  half- 
wave  oscillating  discharge  current  through  the  arrester,  in  the 
middle  curve,  thus  is  smaller  than  the  second  half  wave;  the 
second  half  wave  of  the  oscillation  is  cut  down  in  the  voltage 
and  therefore  gives  the  maximum  discharge  current,  35  amperes 
in  this  case. 

This  feature  is  well  brought  out  by  the  oscillograms  Figs.  1 
and  2,  due  to  the  use  of  a  different  frequency,  60  cycles,  for  the 
power  supplying  the  oscillator.  This  caused  the  successive  oscil- 
lations to  occur  at  different  parts  of  the  half  waves  of  the  47- 
cycles  circuit  which  was  to  be  protected. 

Fig.  3  and  4  then  show  the  protective  action  of  the  oxide  film 
arrester  on  a  550-volt  direct-current  circuit,  against  a  single 
(non-oscillatory)  impulse  produced  by  opening  a  highly  inductive 
circuit  (railway  motor).  Fig.  3  shows  on  the- lower  curve  the 
oscillogram  of  the  impulse  in  the  550-volt  circuit,  rising  to  7000 
volts.  The  upper  curve  merely  is  a  60-cycle  timing  wave,  to 
enable  measuring  the  duration  of  the  impulse.  Fig.  4  shows 
the  same  circuit,  with  an  arrester  shunting  it.  The  impulse 
voltage  rises  to  the  value  for  which  the  discharge  gap  of  the  arres- 
ter is  set,  in  this  case  2200  volts.  Then  the  arrester  discharges, 
and  the  voltage  instantly  drops  back  to  normal,  while  a  slowly 
decreasing  discharge  current  through  the  arrester  dissipates 
the  magnetic  energy  of  the  impulse. 

The  cell  of  the  oxide  film  arrester,  shown  in  Fig.  5,  consists  of 
two  circular  metal  plates  as  electrodes,  which  are  kept  apart  by 
a  porcelain  ring,  as  shown  in  the  figure.  The  space  between  the 
electrodes  inside  of  the  porcelain  ring,  is  filled  with  the  active 
material,  lead  peroxide  PbOa,  which  is  put  in  under  moderate 
pressure.  This  active  material  is  a  good  conductor,  but  has  the 
characteristic,  that  by  the  action  of  an  electric  discharge,  it  is 
converted  in  the  path  of  the  discharge,  into  a  lower  oxide,  which 
is  an  insulator.  Thus  when  an  alternating  current  is  passed 
through  such  a  cell,  the  active  material  at  the  electrodes  grad- 
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ually  converts  into  a  non-conductor,  and  forms  a  thin  insulating 
film  at  the  electrode.  This  grows  in  thickness,  until  it  cuts  off 
the  further  flow  of  current  and  holds  back  the  voltage,  about 
250  to  300  volts  per  cell.  Then  only  a  small  leakage  current,  of 
a  few  milliamperes,  passes  at  normal  voltage,  but  if  an  over  volt- 
age of  any  kind  appears  at  the  cell,  the  insulating  film  of  lead 
oxide  punctures  and  freely  discharges  through  the  lead  peroxide, 
but  in  doing  so,  converts  the  surface  of  the  lead  peroxide  in 
the  path  of  the  discharge  into  the  lower  non-conducting  oxide, 
and  thereby  closes  the  puncture  holes,  repairs  or  reseals  the 
film. 

In  manufacture,  naturally,  just  as  in  the  aluminum  cell  arrester, 
the  insulating  film  is  not  produced  after  assembly  of  the  cell  by 
the  slow  process  of  passing  a  current  through,  but  the  film  is  put 
on  before  assembly,  in  the  oxide  film  arrester,  by  dipping  the 
plates  in  a  suitable  insulating  varnish,  which  gives  them  a  coating 
just  thick  enough  to  hold  back  the  circmt  voltage.  Then  after 
assembly,  voltage  is  put  on  the  cell  for  testing  it  and  sealing  any 
holes  or  defects  which  may  exist  in  the  varnish  film. 

In  the  oxide  film  arrester,  the  electrodes  have  nothing  to  do 
with  the  arrester  action,  and  any  suitable  material  can  be  used. 
First  we  used  brass,  but  now  use  sherardized  iron,  the  latter 
having  a  higher  ijjelting  point  and  thus  standing  high  power  dis- 
charges, which  would  melt  holes  in  the  brass  electrodes. 

In  this  arrester,  the  action,  which  holds  back  the  normal  volt- 
age but  passes  freely  an  over  voltage,  thus  resides  in  the  active 
material  between  the  electrodes,  and  it  is  this  material  which 
forms  and  reforms  the  film.  As  this  material  is  a  solid,  no  chem- 
ical action  occurs  such  as  the  gradual  dissolution  of  the  alumina 
film  in  the  aluminum  cell  arrester,  but  the  film  remains  intact 
permanently,  and  thus  no  daily  "charging**,  that  is,  repairing 
of  the  film,  is  required. 

A  number  of  such  cells,  depending  on  the  voltage  of  the  circuit, 
are  piled  on  top  of  each  other,  with  a  spark  gap  in  series,  and,  for 
low  and  moderate  voltages,  incased  as  shown  in  Fig.  6. 

As  the  cells  are  hermetically  sealed,  by  the  metal  of  the  elec- 
trodes being  spun  over  the  porcelain  separating  ring,  the  cells 
can  be  installed  outdoors  as  well  as  indoors,  requiring  in  outdoor 
installation  merely  some  protection  by  petticoats,  as  shown  in 
Fig.  7,  to  keep  the  rain  from  short-circuiting  the  cells.  Fig.  8 
shows  such  an  outdoor  installation  of  a  33-kv.  arrester,  with  three- 
phase  stacks  and  the  ground  stack  of  c^Us,  protected  against  the 
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weather  by  metal  petticoats.  Fig.  8  shows  also  the  spark  gaps  on 
the  line  side  of  the  arresters.  They  are  protected  sphere  gaps,  to 
give  instantaneous  discharge,  with  a  horn  attachment  to  allow 
the  arc  to  flare  up  and  thereby  help  in  its  extinction. 

As  well  known,  the  plain  horn  gap  has  the  disadvantage  of 
requiring  an  appreciable  — ^though  a  very  short  (microseconds) 
— ^time  for  discharge,  and  an  extremely  sudden  high  voltage,  as  a 
very  steep  wave  front,  thus  may  pass  the  horn  gap  and  flash  over 
elsewhere.  Therefore  in  modem  high- voltage  lightning  arresters 
the  horn  gap  is  shunted  by  a  properly  proportioned  sphere  gap, 
the  latter  being  "instantaneous"  in  its  action.  In  outdoor  use 
however,  rain  lowers  the  discharge  voltage  of  the  sphere  gap, 
and  thus  requires  a  setting  which  gives  a  higher  discharge  volt- 
age in  dry  weather  than  necessary.  Therefore  a  protected  sphere 
gap  has  been  designed,  which  overcomes  this  disadvantage  in 
the  open  sphere  gap,  and  is  shown  in  Fig.  8. 

The  need  of  using  this  spark  gap  in  series  with  the  arrester, 
is  the  only  still  remaining  undesirable  feature  which  the  oxide 
film  arrester  shares  with  the  alumintim  cell  arrester,  the  multi- 
gap  arrester  and  other  types.  While  by  the  work  of  Mr.  F.  W. 
Peek,  on  the  time  lag  of  electric  discharges*,  the  means  have  been 
given  to  make  the  discharge  gap  ''instantaneous",  that  is,  faster 
than  any  other  discharge  path  over  gaps  or  through  insulation 
in  the  system,  sothat  the  arrester  takes  care  effectively  of  any 
over  voltage  above  its  discharge  voltage,  it  does  not  discharge 
voltages  lower  than  the  discharge  voltage  of  its  spark  gap,  even 
if  these  lower  voltages  may  involve  some  danger  to  the  system  by 
their  high  frequency.  Such  low  voltages,  while  they  cannot 
endanger  the  main  insulation  between  circuit  and  ground,  may, 
if  of  sufficiently  high  frequency,  lead  to  local  acctunulations  of 
voltage  across  inductive  parts  of  the  circuit,  as  regulators,  current 
transformers,  end  turns  and  coils  of  generators  and  transform- 
ers, and  there  cause  damage  by  puncturing  insulation  between 
turns  and  causing  internal  short  circuits. 

Against  these  high  frequency  disturbances  of  moderate  volt- 
age, the  only  existing  protection  is  the  addition  to  the  arrester 
of  a  capacity  discharge  path  permanently  connected  from  the 
circuit  to  ground.  Such  capacity  path  should  be  without  resist- 
ance to  flatten  steep  wave  fronts,  and  contain  a  moderate  series 

3.  A.  I.  E.  E.  Trans.  1916.  Vol.  XXXIV,  Part  II,  p.  1867.  The  Ef^ 
feet  of  Transient  Voltages  on  Dielectrics  by  P.  W.  Peek,  Jr. 
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resistance,  to  dissipate  high-frequency  energy  and  stop  ctunula- 
tive  oscillations  in  their  beginning.  Before  I  leave  the  field  of 
electrical  engineering,  I  hope  still  to  see  an  arrester,  of  the  type 
of  the  oxide  film  or  the  aluminum  cell,  which  has  no  spark  gap, 
but  is  permanently  shunted  across  the  circuit,  and  thus  capable 
of  taking  care  not  only  of  over  voltages,  but  equally  well  of  steep 
wave  fronts  and  high-frequency  oscillations,  even  if  of  lower  than 
the  circuit  voltage.  Such  an  arrester  then  would  give  universal 
protection. 
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THE  OXIDE  FILM  LIGHTNING  ARRESTER 


BY  CROSBY  FIELD 


Abstract  of  Paper 
The  oxide  film  arrester  is  a  new  type  of  lightning  arrester  made 
up  of  a  film  of  insulation  in  contact  with  a  conducting  powder. 
Upon  the  application  of  over-voltage,  the  instdation  will  be 
pierced,  but  the  powder  will  very  rapidly  turn  into  insulation  and 
plug  any  holes  punctured  in  the  onginal  insulation  by  the  over- 
voltage,  thus  forming  in  substance  a  resealing  insulation.  A 
brief  description  of  this  arrester  is  given  together  with  the 
principles  underlying  its  action  and  a  comparison  with  other 
types  of  lightning  arresters.  Mention  is  also  made  of  other  char- 
acteristics of  this  combination  which  are  not  used  in  the  present 
arrester,  but  which  are  being  applied  in  other  developments.  A 
few  notes  of  tests  on  the  commercial  arrester  complete  this  paper. 
With  the  exception  of  the  basic  patents  issued  to  the  author  this 
is  the  first  time  any  disclosure  has  been  made  of  this  arrester. 


THIS  paper  will  be  confined  to  a  brief  statement  of  the  scien- 
tific principles  underiying  a  new  type  of  lightning  arrester 
called  the  "oxide  film  arrester."*  The  functioning  of  this  arres- 
ter depends  upon  the  fact  that  certain  dry  chemical  compounds 
can  be  changed  with  extreme  rapidity  from  very  good  conductors 
of  electricity  to  almost  perfect  non-conductors  by  the  applica- 
tion of  a  slight  degree  of  heat.  Lead  peroxide  is  a  good  example 
of  such  a  substance.  It  has  a  specific  resistance  of  the  order  of 
one  ohm  per  inch  cube.  The  resistance  varies  with  the  pres- 
sure to  which  it  has  been  compressed.  At  a  temperature  of 
about  150  deg.  cent,  the  lead  peroxide  (PbOi)  will  be  reduced  to 
red  lead,  commercially  known  as  minium  (PbfOi).  This  has 
a  specific  resistance  of  about  24  million  ohms  per  inch  cube. 
At  slightly  higher  temperatiu-es  this  minium  will  be  reduced 
through  the  sesquioxide  (Pb|Ot)  to  litharge  (PbO),  which  last 
named  is  practically  an  insulator.  [A  megger  reading  of  in- 
finity is  obtained  on  a  column  3  millimeters  long  (0.11  in.)  and 
5  square  millimeters  area  (0.2  sq.  in.)]. 
Again  the  oxides  of  bismuth  give  similar  characteristics.  There 
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are,  furthermore,  several  other  compounds  and  mixtures  of 
compounds  that  will  give  these  same  results. 

Lead  peroxide  is  normally  in  the  physical  state  of  a  powder 
If  this  powder  be  placed  between  two  electrodes  and  a  current 
passed,  the  temperature  due  to  the  resistance  at  the  contact  of 
the  peroxide  and  the  metal  will  cause  heat  to  be  generated  locally 
at  the  surface.  When  this  heat  is  sufficient  to  create  a  temper- 
ature of  about  150  deg.  cent,  a  film  of  the  lower  oxides  of  lead 
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Pig.  1 

A  nngle  cell  of  the  oxide  film  lightning  arrester  consisting  of  a  ring  of  porcelain  with  two 
circular  steel  disks,  one  spun  on  each  side  of  the  porcelain  and  insulated  by  the  porcelain. 
The  inside  of  the  ring  of  porcelain  between  the  plates  is  filled  with  peroxide  of  lead. 

forms,  producing  a  film  of  insulation  which  stops  the  current. 
This  method  of  film  formation  over  any  large  area  is  rather 
irregular,  and  of  course  the  oxide  is  not  used  in  such  a  fashion 
in  the  commercial  arrester.  Instead  of  this  formation  of  litharge 
film  any  insulating  film  may  be  put  on  the  electrodes  initially. 
As  insulating  film  spread  on  the  metal  plates  there  have  been 
used  thin  layers  of  the  following;  glass,  water  glass,  halowax, 
cloth,  balsam,  shellac,  oil,  paints,  lead  paints,  varnishes,  and 
lacquers  of  all  available  kinds.     In  all  cases  the  results  are  sim- 
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ilar,  var3ang  only  with  the  voltage  at  which  puncture  of  the 
film  of  insiilation  occiu^. 

The  foregoing  statements  define  the  principle  of  the  commer- 


FiG.  2 

Shows  the  disaasembled  parts  of  a  single  cell  of  the  oxide  film  lightning  arrester.  Prom 
left  to  right  are  a  steel  disk  spun  on  a  ring  of  porcelain,  a  pile  of  brown  peroxide  of  lead,  the 
other  steel  disk  and  an  asbestos  washer. 

cial  oxide  film  arrester.  Fig.  1.  It  comprises  two  sheet  metal 
electrodes,  set  about  0.5  in.  (12.7  mm.)  apart,  one  or  both  cov- 
ered with  a  thin  insulating  film  and  the  space  between  the  plates 
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Fig.  3 

The  comparative  volt-ampere  characteristics  of  the  oxide  film  cell  and  the  a-c.  alumi- 
ntzm  arrester  cell.  The  oxide  film  has  only  a  few  milliamperes  of  leakage  current  up  to  the 
critical  film  voltage  when  the  film  gives  way  more  suddenly  than  the  film  in  the  aluminum 
ceQ.  The  critical  voltage  of  the  oxide  film  can  be  made  approximately  as  low  as  the  hy- 
droxide film  on  the  aluminum  cell. 

filled  with  some  such  substance  as  that  described  above,  as,  for 
example,  lead  peroxide.  Fig.  2  shows  the  disassembled  parts  of 
a  single  cell.  At  a  permissible  voltage  of  300  volts  per  cell  the 
insuUiting  film  prevents  any  appreciable  current  flowing  up4er 
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normal  conditions.  As  soon  as  the  voltage  rises  slightly  above 
normal  the  film  punctures  in  one  or  more  microscopic  points, 
the  lightning  charge  meets  with  practically  no  resistance  and 
flows  to  earth.  Fig.  3.  The  dynamic  current  starts  to  follow 
but  because  of  the  fact  that  the  insulation  was  punctured  in  such 


Fig.  4 

A  magnified,  imaginary  representation  of  one  of  the  films  on  one  metal  plate.  As  shown 
the  film  is  punctured  by  a  spark  and  filled  with  a  litharge  plug  which  is  represented  by  the 
open  circles.  The  cross-section  in  the  discharge  path,  a  short  distance  away  from  the 
metal  electrode,  is  sufficiently  expanded  to  make  the  current  of  low  enough  density  not  to 
heat  the  peroxide  to  a  temperature  of  reduction  to  litharge.  The  peroxide  is  represented 
by  the  solid  dots  and  only  those  in  the  path  of  the  discharge  are  shown.  At  the  other  elec- 
trode, not  shown  in  this  magnified  diagram,  a  similar  effect  may  be  taking  place  although 
there  is  a  difference  between  the  positive  and  negative  crators. 

fine  points,  the  current  density  near  these  points  is  exceedingly 
great.  This  results  in  a  localized  heating  which  speedily  raises 
the  temperature  to  a  value  sufficient  to  change  to  insulating 
litharge  all  the  conducting  peroxide  in  this  minute  path  of  the 
current  flow  in  contact  with  the  electrodes.     The  film  conse- 


FiG.  5 

New  electrode  and  also  one  from  a  cell  having  had  passed  through  it  several  thousand 
discharges.  The  light  colored  plugs  of  litharge  are  plainly  visible  in  the  many  spots  on  the 
surface  of  the  plate. 

quently  reseals,  stopping  the  further  flow  of  dynamic  current. 
This  action  is  so  rapid  that  its  duration  cannot  be  measured  on 
an  oscillograph  giving  two  thousand  cycles  per  second,  that 
is  to  say,  the  action  of  resealing  occurs  in  less  than  one  four  thous- 
andth part  of  a  second  after  the  excess  of  lightning  voltage  has 
ceased.  Fig.  5  shows  the  visible  spots  of  insidftting  litharge 
plugs  on  the  surface  of  an  electrode, 


Digitized  by  VjOOQ IC 


19181  FIELD:  OXIDE  FILM  ARRESTER  885 

This  film  can  be  made  of  litharge  itself,  as  well  as  any  of  the 
insulating  materials  above  named.  For  example,  metal  plates 
may  be  inserted  in  any  of  the  well-known  lead  electroplating 
solutions,  and  thus  a  very  thin  lead  peroxide  film  (measuring 
a  few  hundred  thousandths  of  an  inch)  formed.  By  proper 
heating  this  will  be  changed  to  litharge  and  this  form  of  elec- 
trode can  be  used.  Peroxide  may  also  be  sprinkled  over  any 
metal  plate  and  the  plate  heated,  which  will  reduce  the  per- 
oxide to  litharge.  Again,  the  metal  chosen  for  the  electrode 
itself  may  be  lead  and  if  heated  in  the  air  a  thin  film  of  litharge 
will  be  formed  on  the  siuface.  Again,  an  aluminum  electrode 
may  be  put  in  any  of  the  common  electrolytes,  and  a  thin  alu- 
minum film  be  built  up.  This  may  be  used  with  the  peroxide 
powder.  Of  these  methods  of  forming  the  film  the  most  pre- 
ferable is  by  dipping  in  varnish  or  lacquer  highly  burnished 
surfaces  of  brass,  steel,  or  copper,  and  is  consequently  used  in 
the  commercial  arrester.  The  ohmic  resistance  of  the  arrester 
during  discharge  is  quite  low  (less  than  1  ohm  per  cell).  Thus, 
when  the  insulating  film  is  punctured  the  arrester  offers  very 
slight  impedance  to  the  flow  of  energy  at  abnormal  voltages. 

There  is  a  certain  range  of  voltage  necessary  to  pierce  any 
given  insulation.  The  exact  voltage  depends  not  only  upon 
the  thickness  of  the  insulation  and  its  dielectric  strength  but 
also  on  the  relation  of  the  dielectric  spark  lag  to  the  duration 
of  the  super-spark  potential  and  the  frequency  of  alternations 
of  the  transient  surge. 

If  an  arrester  is  to  give  protection  of  insulation  in  shunt  with 
it,  the  arrester  must  relieve  the  abnormal  electric  pressure  before 
damage  is  done  to  the  insulation.  Although  tests  are  frequently 
made  with  the  arrester  and  the  insulation  it  is  to  protect  in 
parallel,  a  more  convenient  method  has  been  standardized  and 
is  known  as  the  equivalent  sphere  gap  test.  Both  the  insulation 
and  the  arrester  are  compared  by  comparing  each  to  the  equiv- 
alent sphere  gap. 

The  equivalent  sphere  gap  of  the  oxide  film  arrester  may  be 
analyzed,  as  in  other  cases,  into  separate  and  distinct  parts. 
First,  there  is  the  equivalent  sphere  gap  of  the  main  gap  in  series 
with  the  cells.  Second,  the  equivalent  sphere  gap  to  initiate 
a  discharge  through  the  insulating  film  on  the  plate  surface  of 
the  cell.  Third,  there  is  the  equivalent  sphere  gap  of  the  resist^ 
ance  drop  of  the  current  discharging  through  the  powdered 
peroxide  in  its  path.  Fourth,  there  is  the  equivalent  sphere 
gap  of  the  inductance  of  the  arrester. 
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Commenting  on  these  factors  in  their  relation  to  this  arrester, 
the  main  gap  is  itself  a  sphere  gap  which  has  the  fastest  spark 
of  any  practical  gap.  The  gap  setting,  like  that  of  the  altuninum 
arrester,  is  only  slightly  above  that  of  the  normal  voltage  of  the 
circuit. 

The  equivalent  sphere  gap  of  the  film  is  several  times  greater 
than  the  thickness  of  the  film  because  solid  material  has  a  greater 
dielectric  spark  lag  than  air,  but  with  this  multiple  of  the  thick- 
ness of  the  film  the  equivalent  sphere  gap  is  still  low.  Since 
peroxide  is  a  good  conductor,  the  series  resistance  in  the  path 
of  the  discharge  is  insufficient  to  give  an  undesirable  voltage 
drop.  As  to  the  inductance  of  the  arrester,  it  has  a  minimum 
value  due  to  the  fact  that  each  cell  is  only  0.5  in.  long,  as  shown 
in  Fig.  1,  and  these  cells  are  placed  one  on  top  of  another.  In 
other  words,  the  total  length  of  the  arrester  (which  constitutes 
the  inductance)  is  short  as  compared  to  the  necessary  length 
of  conductor  from  line  to  earth. 

One  of  the  obstacles  that  had  to  be  overcome  in  the  making 
of  this  arrester  was  the  increase  in  the  resistance  after  a  great 
many  heavy  discharges  had  passed  through  it.  The  predomi- 
nant reason  for  the  increase  seems  to  be  explained  by  the  fol- 
lowing theory.  The  current  passing  through  this  small  puncture 
in  the  film  heats  up  very  rapidly  not  only  the  powder  but  also 
the  air  contained  within  the  interstices  of  the  powder.  The 
particles  are  thereby  thrown  out  of  contact  with  each  other, 
thus  producing  a  fluffiness.  The  decrease  in  the  number  of 
contacts  decreases  the  actual  cross  sectional  area  of  conduction, 
hence  increases  the  resistance.  This  raises  the  equivalent  sphere 
gap.  This  action  is  accelerated,  of  course,  by  the  giving  off  of 
the  oxygen  itself  evolved  in  the  reduction  from  lead  peroxide 
to  the  lower  oxide.  If,  however,  this  same  arrester  be  violently 
jarred  or  the  filling  powder  be  compressed,  or  any  other  method 
utilized  to  restore  the  particles  to  their  previous  intimate  con- 
tact, the  equivalent  needle  gap  will  fall  again.  While  increased 
fluffiness  appears  to  be  the  predominant  cause  of  change  of  the 
equivalent  sphere  gap,  the  increased  thickness  of  the  film  of 
litharge  at  the  point  of  puncture  of  the  film  is  finally  a  factor 
of  moment.  The  total  area  of  the  film  must  be  sufficient  to 
give  a  reasonable  number  of  years  of  life  to  the  arrester.  There 
are  other  factors  relating  to  the  details  of  manufacture  which 
give  a  limited  degree  of  control  over  this  change  in  equivalent 
sphere  gap. 

In  all  the  commercial  oxide  film  arresters  used  for  alternating 
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c\irrent  the  power  factor  is  nearly  unity.  For  special  purposes 
however,  the  power  factor  can  be  made  anything  desired  from 
10  x>er  cent,  to  unity.  This  is  obtained  by  combining  with  the 
conducting  oxide  other  non-conducting  materials.  This  princi- 
ple has  been  made  use  of  for  condensers  but  it  has  not  been  found 
desirable  to  incorporate  it  in  the  arrester. 

To  summarize — an  arrester  operating  under  a  new  principle 
has  been  made  which  comprises  in  essence  one  or  more  metal 
electrodes  covered  with  an  insulating  film,  and  separated  by 
a  conducting  powder,  which  has  the  peculiar  characteristic  of 
becoming  a  non-conducting  powder  upon  the  application  of 
heat.  Voltage  higher  than  that  which  can  be  withstood  by  the 
insulating  film  punctures  it  in  one  or  more  points  of  about  0.006 
cm.  diameter.  Dynamic  ciuxent  flowing  gives  a  high  current 
density  in  the  conducting  powder  adjacent  to  these  punctures 
which  in  txim  heats  it  up  rapidly,  reducing  the  powder  to  a  non- 
conductor, and  sealing  the  holes  in  the  film.  The  powder  be- 
ing a  poor  heat  conductor  localizes  this  action,  so  that  very  little 
more  powder  is  reduced  than  is  actually  necessary  to  seal  up 
these  minute  punctures. 

The  critical  spark  voltage  and  that  part  of  the  equivalent 
sphere  gap  controlled  thereby  is  a  function  of  the  thickness  and 
land  of  material  used  for  the  film. 

Comparison  op  the  "Oxide  Film"  with  Well  Known 

Arresters 

The  earliest  form  of  non-electrolytic  film  arrester  was  known 
as  the  dry  aluminum  arrester.*  It  was  a  direct  attempt  to 
utiU^  the  dry  film  which  forms  on  the  siuf aces  of  pure  aluminum 
immediately"  after  it  comes  in  contact  with  the  oxygen  of  the 
air.  The  hydroxide  film  is  easily  formed  in  electrolyte  and 
on  drying  becomes  a  dry  film  which  gives  sufficient  action  to 
prevent  a  discharge  up  to  a  given  critical  voltage,  depending 
upon  the  thickness  of  the  film.  The  film  can  also  be  formed  by  a 
spark  or  arc  of  a  conductor  in  contact  with  a  plate.  Naturally 
this  conductor  should  be  of  a  non-metallic  nature.  In  the  earliest 
form  tried  powdered  carbon  was  used  mixed  with  dioxide  of 
manganese  which  gives  a  liberal  supply  of  oxygen  at  the  heated 
point. 

One  of  the  objects  of  the  development  of  this  arrester  was  to 
decrease  the  cost  of  manufacture  and  it  was  found  with  the  new 
principle  involved  in  the  oxide  film  arrester,  where  the.  powder 

•U.S.  Patent,  E.  E.  P.  Creighton. 
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furnishes  the  film  rather  than  the  plate,  that  the  aluminum 
could  be  replaced  by  a  cheaper  metal,  such  as  steel,  and,  as 
already  described,  the  initial  film  known  in  the  early  stages  of 
development  as  the  ''paint  skin*'  type  could  be  furnished  by  a 
layer  of  varnish.  On  first  sight,  knowing  the  extreme  thin- 
ness of  the  hydroxide  film  on  wet  altmiinum  cell  it  might  not 
seem  that  the  dry  cell  would  give  the  same  general  characteristics 
as  the  wet  cell.  But  a  comparison  of  the  volt-ampere  curves 
shows  the  same  general  characteristics.  For  a-c.  voltages  of 
300  volts  average  per  cell  the  current  in  the  dry  cell  is  of  negli- 
gibly small  value  up  to  40  milliamperes.  The  power  factor  is 
nearly  unity  and  the  current  flow  is  due  to  very  slight  leakages 
through  the  films.  In  the  case  of  the  aluminum  electrolytic  cells 
there  is  an  equivalent  condition,  the  d-c.  leakage  current  of  the 
order  of  one  milliampere  being  due  to  leaks  through  the  hydro- 
roxide  film.  In  the  a-c.  aluminvim  arrester  the  leakage  current 
on  the  plate  area  used  is  much  greater  due  to  the  destructive 
action  of  the  alternating  current  on  the  hydroxide  film.  Further- 
more, the  wet  cell  with  its  thinner  film  is  a  condenser  of  appre- 
ciable capacitance  which  takes  a  charging  current  of  about  0.5 
ampere  at  60  cycles.  When  the  voltage  reaches  a  certain  criti- 
cal value  which  is  between  300  and  400  volts  for  the  wet  alirnii- 
nirni  cell  and  between  300  and  500  for  the  oxide  film  cell  (or 
higher  if  the  paint  film  is  made  thicker)  the  current  is  allowed 
to  pass  freely  through  the  cells,  limited  only  by  the  ohmic  resist- 
ance of  the  cell  independent  of  the  film.  Since  the  oxide  film^ 
arrester  has  no  dissolution  of  the  film,  as  occurs  in  the  wet 
aluminvim  cell,  charging  is  not  only  unnecessary  but  undesir- 
.  able.  This  extends  the  use  of  the  oxide  film  arrester  to  localities 
where  there  are  no  attendants. 

Although  the  wet  aluminum  plate  becomes  frosted  to  an 
appreciable  thickness  by  the  passage  of  current  in  long  use,  the 
actual  thickness  of  the  film,  as  represented  by  the  critical  volt- 
age, is  not  changed.  In  the  oxide  film  arrester,  however,  the 
film  less  than  one  1  mil  thick  (0.025  mm.)  initially  thickens  up 
by  the  addition  of  successive  spots  of  litharge  for  each  successive 
discharge.  This  represents  the  wear  on  the  arrester  and 
limits  its  total  life.  Fig.  3  shows  comparative  volt-ampere 
characteristics  of  the  oxide  film  arrester  and  the  a-c.  alumimmi 
arrester.  Since  both  of  these  arresters  have  a  leakage  current 
which  wears  the  plates  of  the  cells  when  alternating  current  is 
supplied,  it  is  necessary,  as  previously  stated,  to  place  a  spark 
gap  in  series  with  the  cells.     This  spark  gap  is  set  at  a  value 
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slightly  above  the  normal  potential  of  the  circuit  so  that  noth- 
ing but  abnormal  voltages  will  cause  a  discharge. 

The  foregoing  data  show  that  the  oxide  film  arrester  has  gen- 
eral characteristics  closely  like  the  standard  aluminiun  electro- 
lytic arrester.  It  has  the  obvious  advantage  which  comes  from 
being  dry  rather  than  wet,  it  will  not  congeal  and  needs  no 
daily  charging. 

In  making  the  characteristic  volt-ampere  discharge  curves 
the  oxide  film  arrester  does  not  lend  itself  as  readily  to  the  test 
as  the  wet  aluminum  cell.  While  its  critical  film  voltage  is 
evident,  the  change  from  no  conduction  to  full  conduction  is 
more  sudden.  Therefore,  the  discharge  rate  at  double  potential 
is  best  shown  by  throwing  double  potential  on  the  cell  and  sub- 
sequently  reducing  the  voltage  to  its  normal  value  per  cell. 

Expulsion  Fuse 
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Fig.  6 

Arrangement  of  three  expulsion  fuses  which  short-circuit  gaps  in  the  path  of  discharge 
to  first  throw  double  voltage  on  an  arrester  under  test  and  then  reduce  the  voltage  to 
normal  value  by  shifting  the  contacts  on  a  transformer  from  full  coil  winding  to  half  coil 
winding. 

This  gives  a  very  considerable  quantity  of  electricity  through 
the  cells  and  is  a  severe  test. 

In  order  to  conveniently  alter  the  voltage  from  double  value 
to  normal  value  the  circuit  is  arranged  as  shown  in  Fig.  6.  The 
object  of  the  connections  may  be  briefly  stated:  A  transformer 
with  two  coils  in  series  impresses  voltage  on  the  arrester  and 
then  the  contacts  of  the  arrester  are  automatically  shifted  to 
one  coil  giving  half  the  voltage.  A  heavy  pendulum  closes 
switch  5-1  and  sets  the  oscillograph  into  operation.  The  full 
voltage  on  the  transformer  is  thrown  on  to  the  oxide  film  arrester 
under  test,  marked  0-F,  which  has  a  number  of  cells  sufficient 
only  for  half  the  voltage  of  the  transformer.  In  other  words 
this  throws  double  voltage  on  to  the  arrester  and  the  heavy 
current  passing  through  the  cells  causes  fuse  F-l  to  blow.  The 
operation  of  this  fuse  short-circuits  half  the  transformer  and 
throiws  the  other  half  across  the  arrester.     This  is  done  by 
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means  of  gaps  and  fuses  as  follows:  When  the  expulsion  fuse  F-1 
blows,  the  conducting  gases  are  shot  into  the  open  gap  G-1  which 
closes  the  circuit  through  fuse  F-2  to  the  mid-point  of  the  trans- 
former. This  short  circuit  on  half  the  transformer  causes  fuse 
F-2  to  blow  and  the  hot  gases  discharging  from  fuse  F-2  close 
the  gap  G-2  which  throws  the  mid-point  of  the  transformer  on 
to  the  arrester  through  the  switch  5-2  which  is  closed  just  pre- 
vious to  starting  the  test.  The^  several  operations  occur  with 
a  rapidity  depending  upon  the  size  of  fuses  used.     It  is  possible 


Fig.  7 

operation  of  an  oxide  film  arrester  on  double  dynamic  voltage  initiaUy  and  its  recovery 
on  normal  vcltage.  The  upper'record  with  a  peak  voltage  of  28,700  volts  shows  the  arrester 
connected  to  the  circuit  as  the  voltage  wave  starts  to  decrease  on  its  third  peak.  The 
voltage  immediately  drops  to  the  critical  value  of  the  cells — about  13,500.  On  the  lower 
record  the  current  is  seen  to  rise  to  40  amperes.  On  reversal  of  the  voltage  to  13.800  in 
the  negative  direction  as  shown  by  the  upper  record,  the  current  as  shown  by  the  lower 
record  rises  to  106  amperes.  The  switching  operations  produce  several  electro-magnetic 
kicks  as  shown  by  the  irregular  voltage  wave  as  it  rises  in  the  next  cycle  to  13,300  peak  value. 
At  this  lower  applied  voltage  the  current  in  the  series  of  cells,  as  shown  by  the  lower  re- 
cord, is  15  amperes.  In  the  subsequent  half  cycle  the  current  rises  only  to  8  amperes.  In 
the  last  half  cycle  of  voltage  shown,  where  the  switching  operation  is  complete,  and  the 
wave  assumes  its  normal  smooth  form,  the  current  in  the  cells  is  too  small  to  be  registered 
by  the  oscillograph.  Its  value  is  of  the  order  of  milliamperes.  This  figure  is  a  copy  of  an 
oscillogram.  The  copy  was  made  desirable  by  overlapping  of  the  discharge  on  the 
two  ends  of  the  film. 

by  this  means  to  throw  momentarily  22,000  volts  on  an  11,000 
volt  arrester  and  note  the  character  attending  its  discharge  and 
recovery.  Fig.  7  shows  such  an  operation  on  an  oxide  film  arres- 
ter. The  initial  discharge  current  is  40  amperes  during  the 
first  half -cycle  due  to  the  point  it  strikes  in  the  descending  wave 
during  the  second  half-cycle  it  is  106  amperes.  After  the  third 
half-cycle  the  litharge  film  has  so  completely  sealed  up  the  path 
of  discharge  that  the  current  is  too  small  to  show  on  the  oscillo- 
gram. The  leakage  current  with  no  series  gap  is  of  the  order 
of  a  few  milliamperes. 
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Discussion  on  "The  Oxide-Film  Lightning  Arrester" 
(Stbinmetz)  and  "The  Oxide-Film  Lightning  Arrester" 
(Field),  Atlantic  City,  N.  J.,  June  27,  1918. 

C-  P.  Steinmetz:  As  Mr.  Field's  paper  represents  the  state 
of  the  work  when  he  left  this  field  a  few  years  ago,  I  wish  to  bring 
it  up  to  date  in  a  few  words. 

On  the  first  page  of  Mr.  Field's  paper  he  refers  to  the  resis- 
tivity of  the  filler  powder  as  one  ohm  per  inch  cube.  At  pres- 
ent this  resistivity  has  been  reduced  to  0.1  of  an  ohm  per 
centimeter,  or  0.4  ohms  per  inch  cube,  that  is,  25  times  the 
conductivity,  and  correspondingly  increased  discharge  rate, 
and  as  a  result  thereof,  the  resistance  is  materially  less  than  0.1 
ohm  per  cell. 

At  the  time  that -Mr.  Field  left  it  was  found  by  laboratory 
experiment  that  there  is  an  increase  in  resistance,  after  a  great 
many  heavy  discharges  made  on  the  arrester  in  the  laboratory, 
resulting  in  a  gradual,  though  noticeable,  increase  of  the  equiva- 
lent sphere  gap,  and  resulting  decrease  of  the  protective  action. 
This,  Mr.  Field  has  explained  by  the  production  of  gas  by  the 
discharge  causing  a  fluffiness,  and  as  a  contributing  cause  by 
the  reduction  of  the  actual  section,  by  the  increase  of  thickness 
of  the  film  and  also  the  wearing  action  of  the  leakage  current. 

This  featiu-e  was,  indeed,  the  one  which  led  me  in  my  paper 
to  refer  to  the  necessity  of  industrial  experience  in  existing 
plants,  as  a  final  criterion  in  lightning  protective  apparatus, 
since  with  all  oiu"  skill  and  ability  and  thought,  we  cannot 
perfectly  reproduce  the  actual  conditions,  and  this  was  one  of 
the  reasons  which  led  us  to  hold  back  the  arrester  in  order  to  get 
fuller  information  on  its  life,  and  I  am  glad  to  say  that  after  two 
to  three  years  of  industrial  service,  and  after  the  arrester  has 
received  many  thousands  of  heavy  discharges,  cells  have  been 
taken  oflf  and  retested,  and  we  have  found  no  increase  of  re- 
sistance and  no  increase  of  the  equivalent  spark  gap. 

Although  we  have  thus  not  found  how  long  a  life  the  arrester 
has,  we  have  evidence  that  the  life  of  the  arrester,  if  it  is  not 
accidentally  destroyed,  is  so  long  that  in  two  or  three  years' 
industrial  service  no  appreciable  or  measurable  deterioration 
occurs. 

After  finding  this  out  by  experience,  we  could  realize,  why  our 
tests  were  not  representative  of  industrial  practise.  We  passed 
continuously  and  in  rapid  succession  very  many  thousands 
of  heavy  discharges  through  it,  and  since  every  discharge  pro- 
duces a  little  gas,  gradually  gas  must  accumulate,  and  finally 
result  in  separation  of  the  particles,  increasing  the  resistance 
and  the  equivalent  spark  gap.  In  nature,  however,  we  have 
individual  discharges,  or  even  a  large  ntmiber  of  discharges 
following  each  other,  but  then  followed  by  a  period  of  rest, 
when  the  gas  produced  can  be  dissipated,  and  that  is  the  reason 
why  the  increase  of  equivalent  spark  gap  did  not  occur,  and  so 
far  we  have  found  in  two  or  three  years  no  evidence  of  deterior- 
ation of  this  arrester  under  industrial  service. 
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With  regard  to  the  wear  produced  by  the  leakage  current. 
Such  a  wear  exists  in  the  aluminum  arrester,  where  the  leakage 
current  is  an  electrolytic  current,  but  it  does  not  exist  in  the 
oxide  film  arrester,  as  the  conducting  material  is  of  that  class 
of  conductors  which  I  have  called  pyro-electric  conductors, 
having  a  definite  metallic  conductivity  at  ordinary  temperature, 
which,  only  at  high  temperature  changes  to  electrolytic  con- 
ductivity, and  therefore  this  leakage  current  does  not  deteriorate. 

As  regards  the  discharge  rate,  I  want  to  call  attention  to  the 
oscillogram  on  the  last  page  of  Mr.  Field's  paper,  which,  as  he 
states,  shows  the  characteristic  of  the  arrester  in  holding  back 
the  normal  circuit  voltage,  and  discharging  with  practically 
no  resistance  the  over-voltage.  In  this  oscillogram  double 
voltage  has  been  thrown  on  the  arrester,  taking  the  discharge, 
drdpped  the  voltage,  not  to  nothing,  as  a  short-circuiting  arrester 
would  do,  thus  not  short-circuiting  the  machine  power,  but 
to  the  "counter  electromotive  force"  of  the  cell,  discharging 
only  the  over  voltage.  As  this  was  of  limited  power,  the  current 
discharge  is  only  about  100  amperes,  but  this  does  not  repre- 
sent what  we  call  the  discharge  rate  of  the  a^ester,  which  is 
the  current  which  would  pass  at  double  voltage,  because  the 
current  in  this  oscillogram  is  not  the  current  taken  at  double 
voltage,  but  at  very  little  above  normal  voltage. 

The  test  to  really  find  the  discharge  rate  of  the  arrester  is 
to  impress  double  voltage  with  so  much  power  back  of  it, 
that  the  voltage  does  not  drop,  and  it  is  a  difficult  test,  because 
it  requires  an  enormous  power  supply  back  of  the  arrester, 
and  therefore  I  cannot  give  you  entirely  definite  values,  but 
only  the  information  that  the  discharge  current  at  double  voltage 
is  materially  above  1000  amperes,  and  apparently  higher  than 
that  of  the  alumintim  arrester  and  the  protection  apparently 
greater  than  or  at  least  fully  as  high,  as  that  given  by  the  alum- 
inum arrester. 

In  a  future  paper,  Mr.  Lougee,  who  continued  the  develop- 
ment after  Capt.  Field,  expects  to  give  more  complete  inform- 
ation on  tests  and  performances  of  this  arrester. 

N.  A.  Lougee:  The  oxide-film  arrester,  although  a  new 
arrester,  has  been  shown  by  tests  and  operating  experience 
to  be  very  reliable  and  to  give  excellent  protection.  Very 
many  tests  have  been  made  on  this  arrester  duplicating  as  far 
as  possible  in  a  laboratory  all  the  operating  conditions  it  might 
be  subjected  to,  in  order  to  be  as  certain  as  possible  that  its 
operation  would  be  successful  before  it  left  the  laboratory. 
Moreover,  complete  data  have  been  obtained  by  means  of  dis- 
charge alarm  recorders  attached  to  the  majority  of  the  arresters 
which  have  been  installed  to  date.  We  hope  in  a  later  paper 
to  give  an  account  of  the  extensive  laboratory  tests  and  operat- 
ing results  which  we  have  obtained. 

Table  I,  I  believe,  will  be  of  interest  in  showing  briefly  how 
and  to  what  extent  the  high-voltage  units  of  oxide  film  arrest- 
ers have  been  installed. 
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In  addition  to  these  cells,  we  installed  in  1914  about  forty 
660  d-c.  **0  F*'  arresters  on  electric  cars  and  car  circuits.  These 
arresters  were  of  a  preliminary  type  and  of  different  design 
than  is  used  at  present.  These  first  experimental  units  gave 
excellent  results  and  many  are  still  in  operation. 

As  noted  from  the  table,  we  installed  the  first  high-voltage 
arresters  in  1915  and  since  then  we  have  gradually  increased 
the  number  of  installations  and  added  an  outdoor  design.  I 
wish  also  to  call  attention  to  the  great  number  of  cells  we  have 
used  for  development  work.  These  8000  are  of  the  present 
cell  construction — before  this  design  of  the  present  cell  was 
perfected,  a  great  ntmiber  of  preliminary  units,  of  course,  were 
used  in  the  development.  About  three-quarters  of  the  installa- 
tions at  present  are  equipped  with  a  discharge  alarm  recorder 
so  that  we  have  definite  information  that  the  arresters  are 
successfully  taking  care  of  all  kinds  of  disturbances. 

I  think  it  will  be  of  interest  at  this  time  to  say  a  little  more 
concerning  the  life  of  this  arrester.  This  fact  was  something 
impossible  to  determine  from  laboratory  tests  alone,  and  con- 
sequently we  were  anxious  to  learn  what  effect  actual  operating 
conditions  would  have  on  the  cells,  before  we  considered  it 
desirable  to  publicly  announce  the  development  of  this  arrester. 

One  cell  from  each  of  the  four  stacks  of  two  different  11,000- 
volt  *'0  F"  arresters  were  returned  to  us  for  test  after  these 
arresters  had  been  in  operation  about  a  year.  Very  careful 
tests  on  all  these  cells  showed  that  the  initial  equivalent  sphere 
gap  had  not  increased  in  any  case,  that  the  60-cycle  voltage 
breakdown  had  not  increased,  and  oscillograms  showed  these 
cells  to  give  excellent  protection  against  a  surge  voltage.  The 
interior  of  the  cells,  which  were  opened,  showed  no  deteriora- 
tion of  the  filler,  in  fact  the  cells  as  a  whole  were  exactly  as  good 
as  new  cells.  The  arresters  from  which  these  cells  were  taken 
were  equipped  with  discharge  alarm  recorders  and  these  recorders 
showed  an  advance  in  counter  reading  of  about  3000  discharges 
in  each  case  since  the  arrester  was  installed. 

Last  winter  one  complete  phase  from  each  of  the  two  arresters 
mentioned  above  was  returned  for  further  tests.  These  arresters 
during  the  two  years  they  had  been  installed  showed  several  thou- 
sand discharges  from  the  discharge  alarm  recorder,  and  more- 
over operators  in  each  station  had  kept  a  careful  record  so  these 
particular  arresters  were  known  to  have  had  more  than  normal 
operation.  Initial  equivalent  sphere  gap  measurements  on 
a  complete  phase  as  a  whole  showed  a  value  similar  to  what  is 
obtained  with  new  cells.  Some  of  the  cells  were  opened  and  no 
deterioration  at  all  could  be  seen. 

Cells  from  a  few  other  installations  have  been  returned  to 
us  and  in  every  case  to  date  no  deteriorations  in  the  protective 
value  of  the  cells  or  of  the  interior  of  the  cells  has  been  found. 

By  having  cells  returned  from  arresters  every  once  in  awhile, 
we  will  eventually  learn  what  the  average  life  of  an  arrester 
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under  normal  service  should  be,  and  at  present  there  is  every 
indication  that  the  life  of  the  oxide-film  lightning  arrester  is 
at  least  as  long  as  that  of  any  other  lightning  arrester. 

L.  W.  Chubb:  I  would  like  to  know  whether  tests  have  been 
made  to  find  out  whether  one  point  heals  up  and  an  entirely 
different  point  breaks  down,  on  a  heavy  discharge,  or  whether 
the  first  place  that  breaks  partially  heals  up  and  progressively 
breaks  down  along  the  edge  causing  the  point  of  discharge  to 
travel  along  like  the  wandering  of  an  arc  on  an  electrode.  The 
reason  I  ask  is  because,  if  the  original  puncture  heals  completely 
there  must  be  an  interruption  and  rise  of  voltage  in  order  to 
break  down  a  new  point  of  the  film.  If  the  electrostatic  charge 
of  the  film  is  not  sufficient  to  heal  one  spot  the  voltage  must 
drop  and  rise  with  each  successive  puncture  giving  an  inter- 
rupter action  and  dangerous  conditions  similar  to  an  arcing 
ground.  The  electrolytic  arrester  has  enough  capacitance  and 
stored  energy  to  heat  a  scintillation  or  breakdown  without  an 
appreciable  drop  of  voltage  and  thus  gives  the  true  counter 
e.m.f.  effect. 

The  oscillograms  Figs.  3  and  4  in  Dr.  Steinmetz's  paper, 
show  the  discharge  of  an  electromagnetic  field,  without  and  with 
the  arrester  in  shunt.  In  the  first  case  the  voltage  rises  to  7000 
volts,  in  the  second  case  the  voltage  rises  to  the  gap  voltage 
of  2200  volts  and  then  drops  to  560  volts,  after  the  arc  is  es- 
tablished. The  gap,  of  course,  has  an  arc  drop  of  approximately 
50  volts,  leaving  about  510  volts  creating  a  current  of  22  amperes. 
I  cannot  understand  how  the  resistance  per  cell  can  be  as  low 
as  one  ohm  or  0.1  ohm  per  cell  in  view  of  this  result.  The  os- 
cillograph is  too  slow  to  follow  very  high-frequency  oscillations 
and  therefore  gives  only  a  smooth  mean  curve. 

One  of  the  advantages  of  the  electrolytic  type  of  arrester  is 
the  presence  of  high  capacitance.  In  many  cases  high-frequency 
and  steep-wave-front  impulses  can  be  discharged  across  the 
gap  and  absorbed  without  great  rise  of  voltage  or  piercing  of 
the  film.  I  would  like  to  know  whether  the  new  arrester  has 
suflScient  capacitance  to  obtain  this  condensive  effect. 

In  both  papers  the  equivalent  spark  gaps  of  different  parts 
of  the  arrester  are  mentioned,  but  no  figures  are  given.  I  would 
like  to  know  what  the  equivalent  spark  gap  of  the  arrester  is. 
It  seems  that  a  varnish  film  which  will  hold  line  voltage  so  as 
to  extinguish  the  gap  after  discharge  will  require  several  times 
line  voltage  before  it  pierces  on  an  impulse,  as  the  impulse  ratio 
of  solid  dielectric  films  is  known  to  be  very  high. 

C.  T.  Allcutt:  About  the  only  point  I  want  to  mention 
in  connection  with  Dr.  Steinmetz's  paper  is  the  matter  which 
Mr.  Chubb  brought  out  regarding  the  electrostatic  capacity. 
As  far  as  I  can  figure  from  the  dimensions  given,  and  from 
certain  figures  regarding  the  charging  and  leakage  current 
of  the  arrester  given  by  Capt.  Field,  the  capacity  of  the  oxide 
film  arrester  is  in  the  neighborhood  of  0.01  of  the  capacity  of 
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the  aluminum  arrester,  and  as  a  condenser,  its  effect  in  dis- 
charging impulse  voltages  would  not  be  very  great.  Apparently, 
it  would  be  necessary,  in  discharging  an  impulse,  to  have  that 
impulse  actually  pierce  the  dielectric  film  of  the  arrester, 
which  might  be  expected  to  involve  some  time  lag  and  some 
decrease  in  voltage.  The  difference  in  capacity  is  very  great, 
and  in  that  point,  certainly  the  oxide  film  arrester  does  not 
possess  all  of  the  advantages  of  the  electrolytic  arrester,  as  it 
would  seem. 

C.  P.  Steinmetz:  I  will  answer  the  three  questions  asked. 
Whether  the  puncture  occurs  at  the  film  or  a  sealed-up  puncture 
hole,  is  merely  a  question  of  probability.  In  resealing  after  a 
discharge  the  litharge  spot  thickens  up  so  as  to  hold  back  the 
circuit  voltage,  and  it  is  merely  a  question  of  probability  whether 
the  next  discharge  which  punctures  goes  through  an  unbroken 
film  or  through  a  litharge  spot,  since  just  as  in  the  aluminum  cell, 
the  resealed  puncture  hole  is  of  the  same  strength  as  the  rest 
of  the  film. 

As  to  the  capacity  effect :  The  capacity  of  the  cell  is  higher 
than  it  was  in  Capt.  Field's  time,  due  to  the  decreased  resistance 
of  the  film,  but  it  is  less  than  that  of  the  alimiinum  cell.  The 
capacity  at  normal  frequency  is  of  less  magnitude  than  the 
resistance,  but  it  is,  as  you  see  from  the  construction,  suffi- 
ciently large  to  act  as  a  capacity  path  for  those  extremely 
steep  wave  fronts,  and  extremely  high  frequencies  at  which  the 
time  lag  of  the  insulation  comes  into  consideration,  though  at 
60  cycles  the  capacity  is  practically  negligible. 

The  oscillograms  of  the  impulse  voltage  given  in  my  paper 
as  Figs.  3  and  4,  are  identically  the  same  kind  as  would  be 
given  by  an  aluminum  cell,  that  is,  the  impulse  voltage  rises  to 
the  breakdown  voltage  of  the  gap,  and  at  that  point  the  voltage 
drops  to  the  circuit  voltage,  and  the  560  volts  is  not  the  re- 
sistance drop  across  the  arrester,  but  is  what  you  might  call 
the  ''counter  electromotive  force  of  the  arrester",  which  holds 
back  the  normal  circuit  voltage,  the  voltage  of  the  direct- 
current  railway  generator  which  was  on  the  circuit.  This 
would  occur  in  identically  the  same  way  with  the  alumintmi 
cell,  and  it  is  a  characteristic  of  this  type  arrester  not  to  dis- 
charge the  normal  machine  voltage,  but  only  over- voltage. 
But  from  this  follows  nothing  regarding  the  discharge  resist- 
ance. The  discharge  resistance  is  obtained  by  dividing  the 
excess  voltage  over  the  normal  circuit  voltage,  by  the  dis- 
charge current. 
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THE  DESIGN  OF  TRANSPOSITIONS  FOR  PARALLEL 
POWER  AND  TELEPHONE  CIRCUITS 


BY  HAROLD  S.  OSBORNE 


Abstract  of  Paper 

This  paper  presents  the  results  obtained  in  a  recent  design  of 
transposition  systems  for  telephone  circtiits  exposed  to  induction 
from  circuits  of  other  kinds,  particularly  from  three-phase 
power  circuits,  and  the  coordinate  arrangements  of  trans- 
positions in  the  power  circuits.  The  new  arrangements  are 
the  result  of  a  systematic  investigation  of  the  degree  of  flexi- 
bility which  could  be  obtained  in  the  coordination  of  telephone 
transpositions  and  transpositions  in  outside  disturbing  circuits, 
particulaily  three-phase  power  circuits. 

In  presenting  the  results  obtained,  a  discussion  is  first  given  of 
the  requirements  which  must  be  met  by  systems  of  transpositions 
for  telephone  circuits  in  general,  and  by  the  new  "exposed  line" 
system  in  particular.  An  outline  is  given  of  the  methods  used 
in  the  design  work  and  the  theory  upon  which  it  is  based.  The 
diagrams  in  the  paper  show  the  arrangements  of  transpositions 
for  all  circuits  on  eight  crossarms  of  telephone  line.  The  results 
to  be  obtained  from  the  use  of  these  diagrams  are  outlined, 
and  the  suitable  locations  of  coordinate  transpositions  in  parallel 
power  circuits  are  discussed. 

The  application  of  these  and  other  arrangements  of  coordinated 
transpositions  to  specific  cases  must  take  into  account  the  vari- 
ations in  separation  and  other  changes  in  the  power  and  tele- 
phone drcmts.  It  is  considered  to  be  beyond  the  scope  of  the 
present  paper  to  go  into  a  discussion  of  the  problems  involved 
in  these  specific  applications. 


Introduction 
In  a  well-engineered  telephone  system  the  power  transmitted 
*  into  a  long-distance  telephone  circuit  is  almost  entirely  ab- 
sorbed in  line  losses.  The  circuit  terminates  in  that  marvelous 
little  electric  motor,  the  telephone  receiver,  which  requires  only 
a  few  millionths  of  a  watt  for  its  operation.  As  the  power  de- 
livered to  the  line  by  the  telephone  transmitter  may  be  measured 
in  htindredths  of  a  watt,  only  a  fraction  of  one  per  cent  of  the 
transmitted  energy  need  be  received  at  the  far  end  of  the  line. 
This  is  fortunate,  for  as  the  telephone  currents  are  of  relatively 
high  frequency,  the  energy  losses  suffered  by  transmission  over  a 
given  circuit  are  very  much  greater  than  would  be  the  losses  for 
60-cycle  current.     Moreover,  the  telephone  currents  must  be 
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carried  over  very  great  distances.  It  has  therefore  been 
necessary  to  do  an  enormous  amount  of  work  in  developing 
means  for  increasing  the  efficiency  of  long  telephone  circuits  in 
order  that  country-wide  service  may  be  given  with  a  network  of 
conductors  which  should  not  be  prohibitively  expensive. 

The  large  ratio  between  the  energies  at  the  transmitting  end 
and  at  the  receiving  end  of  a  long  distance  telephone  line  imposes 
very  severe  limitations  on  the  amount  of  inductive  effect  which 
can  be  permitted  between  different  telephone  circuits.  If  the 
transfer  of  energy  between  two  circuits  is  more  than  a  millionth 
of  the  energy  transmitted  there  is  danger  that  one  can  overhear 
on  one  circuit  what  is  said  on  the  adjacent  end  of  the  other.  This 
must  of  course  be  avoided,  and  an  even  stricter  limitation  of  the 
transferred  energy  is  desirable. 

The  method  which  is  used  to  prevent  excessive  transfer  of 
energy  between  telephone  circuits  on  the  same  pole  line  is  the  in- 
stallation of  a  systematic  arrangement  of  transpositions  of  the 
conductors  of  each  circuit. 

Present  standard  telephone  practise  for  open-wire  circuits 
provides  ten  wires  spaced  about  one  foot  (0.3  m.)  apart  on  a 
crossarm  and  any  number  of  crossarms  spaced  two  feet  (0.6  m.) 
apart  on  a  pole.  The  currents  carried  by  these  circuits  are  of 
very  high  frequency  compared  with  those  used  in  power  practise 
and  tend  to  make  much  of  small  mutual  impedances  or  admit- 
tances between  the  circuits.  It  is  small  wonder  then  that  when 
in  1886  the  first  long  distance  telephone  line  was  built  between 
New  York  and  Philadelphia  it  was  found  that,  listening  at  the 
distant  end,  an  observer  could  not  tell  which  circuit  was  used  for 
transmission  but  could  hear  equally  well  on  all  of  them.  The 
systematic  study  of  telephone  transpositions  began  at  that 
moment  and  has  continued  until  the  present  day. 

One  factor  which  has  much  complicated  the  study  of  tele- 
phone transpositions  is  the  common  use  of  phantom  circuits. 
These  are  more  accurately  described  by  the  French  terms 
derived  or  superposed  circuits.  A  phantom  circuit  is  formed  by 
superposing  a  third  circuit  on  two  2-wire  telephone  circuits 
called  the  side  circuits  of  the  phantom.  The  phantom  and  its 
side  circuits  thus  use  the  same  copper  conductors,  and  it  is  evi- 
dent that  great  care  in  balancing  the  inductive  relations  is 
necessary  to  prevent  the  transfer  of  energy  between  circuits  so 
intimately  related. 

Long  distance  telephone  lines  have  not  grown  up  without 
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neighbors,  and  in  the  design  of  telephone  transposition  systems 
it  has  been  necessary  to  take  them  into  account.  Telegraph 
systems  and  power  transmission  systems  have  been  contempor- 
aries with  the  telephone  system  in  the  process  of  development. 
These  systems  have  not  in  general  been  obliged,  for  any  reason 
of  their  own,  to  restrict  their  electric  and  magnetic  fields  as  has 
been  necessary  with  telephone  circuits.  From  the  first,  however, 
the  limitation  of  the  effect  of  these  outside  fields  has  been  a 
factor  in  the  design  of  telephone  transposition  systems. 

It  is  evident  that  when  a  telephone  circuit  is  paralleled  by  an 
electric  power  circuit  carrying  hundreds  or  even  thousands  of 
kilowatts,  the  mutual  inductive  connection  between  the  two  cir- 
cuits must  be  extremely  minute  if  we  are  to  avoid  induction  in  the 
telephone  circuit  of  power  of  the  same  magnitude  as  that  of 
the  voice  currents  or  even  much  more.  In  fact,  this  difficult 
problem  would  probably  be  quite  impractical  of  solution  if  we 
had  to  rely  alone  upon  balance  produced  by  transpositions. 
Fortunately,  another  very  weighty  factor  works  for  the  solu- 
tion of  the  problem.  The  fimdamental  frequency  of  commercial 
power  circuits  is  out  of  the  easily  audible  range  and  quite  out  of 
the  range  of  frequencies  which  the  telephone  line  must  transmit 
in  order  to  reproduce  intelligible  speech.  As  a  matter  of  fact 
the  noise  produced  by  power  circuits  in  telephone  circuits  is 
practically  not  at  all  due  to  the  fundamental  but  due  to  the 
harmonics  or  high-frequency  components  of  the  power  circuit 
which  lie  within  the  range  of  telephone  frequencies.  The  energy 
represented  by  these  harmonics  is  represented  by  kilowatts  or 
even  by  watts  rather  than  by  thousands  of  kilowatts.  In  spite 
of  this  fact  the  degree  of  balance  required  in  cases  of  close  parallel 
is  very  precise  indeed. 

Of  all  the  means  used  to  reduce  the  inductive  effect  between 
power  circuits  and  telephone  circuits  the  coordinate  trans- 
position of  both  classes  of  circuit  is  probably  the  most  generally 
important.  The  application  of  this  means  to  parallels  between 
telephone  and  power  circuits  is  in  practical  cases  attended  with 
diflSculties  because  instead  of  two  circuits  running  accurately 
parallel  for  long  distances  the  separation  usually  varies  at 
frequent  intervals  and  very  irregularly. 

The  usual  case,  in  which  the  power  circuit  is  three-phase, 
presents  another  complication  which  is  fundamental  to  this  type 
of  ciroiit.  The  telephone  circuit  is  a  single-phase  circuit  and 
its  conductors  have  only  two  relative  arrangements  on  the  pins. 
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The  three-phase  circuit  has  three  possible  arrangements  of  its 
conductors  on  the  pins,  and  three  sections  of  line,  each  with  a 
different  arrangement,  are  necesssary  for  what  is  called  a  "barrel" 
of  the  power  circuit.  The  combinations  of  relative  pin  positions 
of  the  two  circuits  when  both  are  transposed  are,  therefore,  six 
in  number.  The  difficulties  introduced  by  this  relation  have 
been  discussed  in  an  earlier  paper*  before  the  Institute. 

Although  the  importance  of  neutralizing  as  far  as  practicable 
the  effect  of  outside  circuits  has  always  been  a  factor  in  the  de- 
sign of  transposition  systems,  the  possibilities  of  coordinating 
the  telephone  transpositions  with  the  transpositions  in  three- 
phase  power  circuits  were  not  at  first  fully  developed.  With 
the  great  growth  in  both  telephone  circuits  and  three-phase 
power  circuits  this  matter  has  been  growing  rapidly  more  im- 
portant in  telephone  transmission. 

In  connection  with  the  very  extensive  investigations  of  the 
Joint  Committee  on  Inductive  Interference  in  California  it  was 
therefore  considered  advisable  to  undertake  the  development  of 
a  new  system  of  telephone  transpositions  which  would  embody 
the  maximimi  possibilities  of  coordination  of  transpositions  in 
the  two  classes  of  circuit.  There  has  resulted  from  this  work  a 
system  of  transpositions  known  as  the  "exposed-line"  transpos- 
ition system. 

Outline  of  Methods  op  Design 
The  design  of  a  transposition  system  requires  the  mastery  of 
a  very  difficult  and  complicated  technique.  It  is  attempted 
here  to  give  only  a  general  outline  of  the  methods  employed 
and  some  of  the  difficulties  encountered  and  overcome.  Some 
of  the  mathematical  work  is  given  in  the  appendices. 

Conductive  and  Inductive  Connections.  The  mutual  connection 
between  two  circuits  may  be  of  any  of  the  following  characters 

Resistance 

Leakage 

Inductance 

Capacitance 
Two  circuits  may  be  said  to  be  unbalanced  with  respect  to 
each  other  by  a  mutual  connection  of  any  of  the  four  above 
characters  when  the  mutual  connection  enters  into  the  circuit 
in  such  a  way  that  current  in  one  circuit  tends  to  cause  a  current 
in  the  other  circuit. 

*  Inductive  Jnterference  as  a  Practical  Problem.  Messrs.  Griswold  & 
Mastick,  Transactions.  A.  I.  E.  E..  Vol.  XXXV,  1916,  p.  1061. 
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By  resistance  and  leakage  we  denote  conductive  connections 
respectively  series  and  shunt.  Although  two  metallic  circuits 
which  have  no  resistance  in  common  cannot  have  a  mutual  re- 
sistance unbalance,  care  is  necessary  to  avoid  a  mutual  re* 
sistance  unbalance  between  a  phantom  and  its  side  circuits.  This 
is  however  a  matter  apart  from  transpositions.  The  leakage 
from  telephone  circuits  is  almost  all  directly  to  ground.  This 
is  normally  kept  very  low  because  of  the  large  effect  which  high 
leakage  would  have  upon  the  efficiency  of  the  circuits.  For 
these  reasons  leakage  is  not  an  appreciable  factor  in  the  inter- 
ference between  telephone  circuits,  except  under  abnormal  con- 
ditions, such  as  those  produced  by  baling  wire  thrown  over  a 
telephone  line. 

Two  circuits  strung  side  by  side  have  both  mutual  inductance 
and  mutual  capacity  unbalances.  The  two  terms  represent 
the  coefficients  by  which  are  measured  the  unbalanced  action  of 
the  mutual  electromagnetic  and  electrostatic  fields  respectively, 
and  both  represent  inductive  rather  than  conductive  effects.  It 
is  the  purpose  of  transpositions  to  correct  for  these  as  largely  as 
may  be. 

Inductive  Effects  Between  Telephone  Circuits,  The  general 
equations  for  the  mutual  inductive  effects  between  long  parallel 
circuits  are  hopelessly  complex.  For  the  benefit  of  those  inter- 
ested a  discussion  is  given  in  Appendix  A  of  the  mathematics  by 
which  these  inductive  effects  may  be  computed  in  some  simple 
special  cases.  In  Appendix  B  are  given  equations  for  the  most 
simple  general  case,  that  is,  the  case  of  inductive  effects  between 
two  long  symmetrical  parallel  wires  with  ground  return.  Ex- 
amination of  equations  (7)  to  (10)  in  this  appendix  shows  that 
the  current  or  voltage  in  either  conductor  is  represented  by  the 
sum  of  two  complex  exponential  terms.  Little  consideration  is 
required  to  convince  one  that  similar  general  equations  for  forty 
parallel  wires  would  be  impracticable  either  to  establish  or  to 
use. 

However,  in  studying  the  inductive  effects  between  telephone 
circuits  (commonly  called  cross-talk),  use  can  fortunately  be 
made  of  a  beautiful  simplification.  Although  the  circuits  are 
very  closely  associated  on  the  same  pole  line,  the  requirement 
for  good  operation  after  the  circuits  are  transposed  is  that  the 
transfer  of  energy  from  one  circuit  to  another  shall  be  exceed- 
ingly small.  This  being  the  case,  the  reaction  of  the  induced 
current  on  the  inducing  circuit  is  evidently  negligible.     The  prob- 
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lem  can  therefore  be  studied  by  computing  the  current  and  volt- 
age of  the  inducing  circuit  as  though  no  currents  whatever  were 
induced  in  other  circuits  and  then  computing  the  inductive 
effect  of  these  currents  and  voltages  on  each  adjacent  circuit 
under  the  assumption  that  no  current  flows  in  any  of  the  other 
circuits. 

In  order  that  this  computation  may  be  carried  out,  it  is  neces- 
sary that  the  coefficients  of  induction  between  the  circuits  be 
determined.  The  mutual  inductance  unbalance  between  all 
pairs  of  circuits  on  a  40-wire  pole  lead  can  be  readily  computed. 
It  was  estimated,  however,  that  to  compute  the  direct  capacities 
between  circuits  would  require  the  time  of  one  man  for  at  least 
ten  years.  It  was  therefore  foimd  much  cheaper  and  more 
practical  to  make  measurements  of  the  capacities  between  the 
wires  in  a  short  section  of  line  under  construction.  The  results 
obtained  in  this  way  are  given  in  Table  I. 

Resultant  Unbalance  between  Long  Circuits,  With  the  data 
and  by  the  use  of  the  approximations  outlined  above,  it  is  pos- 
sible to  compute  the  inductive  effect  between  any  two  short 
lengths  of  telephone  circuit  on  the  pole  lead.  In  carrying  out  the 
computation  of  the  effects  for  long  circuits,  however,  a  compli- 
cation arises  due  to  the  fact  that  the  current  and  voltage  in  the 
disturbing  circuit  are  different  both  in  magnitude  and  phase 
angle  at  different  points  of  the  line.  The  change  in  magnitude, 
because  of  attenuation  effect,  varies  from  0.05  per  cent  to  over 
0.5  per  cent  per  kilometer  on  open  wire  telephone  circuits  of 
different  construction,  and  the  change  in  phase  angle  varies 
from  a  small  value  up  to  nearly  10  degrees  per  kilometer.  Also, 
in  the  propagation  of  induced  current  along  the  disturbed  cir- 
cuit to  its  terminal,  this  current  undergoes  a  similar  change  in 
magnitude  and  in  phase  angle.  Therefore,  the  current  induced 
between  two  circuits  in  one  kilometer  length  of  line  cannot  be 
perfectly  balanced  against  that  induced  in  another  kilometer 
length,  and  no  matter  how  often  or  under  what  arrangement 
the  transpositions  are  placed,  they  cannot  serve  to  perfectly 
balance  out  the  induced  effects.  There  is  always  a  resultant 
effect  which  is  known  as  the  "type  unbalance".  The  trans- 
position system  must  be  so  designed  that  this  type  unbalance  is 
kept  below  the  desired  limits  for  all  combinations  of  the  circuits 
on  the  lead. 

A  brief  mathematical  discussion  of  type  unbalance  is  given  in 
Appendix  C. 
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The  type  unbalance  does  not  measure  the  entire  inductive 
effect  between  two  telephone  circuits,  for  this  is  contributed  to 
also  by  another  factor  which  is  sometimes  very  important.  It  is 
impracticable  to  locate  the  telephone  transpositions  at  exactly 
the  theoretically  correct  points.  In  la3ang  out  a  new  line  it  is 
sometimes  possible  to  set  poles  exactly  at  the  theoretical  trans- 
position point,  and  when  this  cannot  be  done  the  nearest  pole 
is  generally  chosen  as  the  transposition  pole.  However,  the 
transposition  itself  occupies  two  pole  spans.  Moreover,  small 
changes  in  separation  of  wires  cannot  be  avoided,  even  going 
round  a  curve  introduces  a  certain  amount  of  irregularity  in  the 
separation  of  wires.  These  and  other  irregular  factors  increase 
the  inductive  effects  above  those  due  to  the  type  unbalances  and 
must  be  taken  into  account  in  designing  the  transposition  system. 

Phantom  Circuits.  One  factor  which  introduces  a  large  com- 
plication into  the  design  of  transposition  systems  is  the  general 
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Pig.    1 — Phantom    Telephone  Circuits 

use  of  phantomed  circuits  in  long-distance  telephone  lines. 
This  is  standard  practise  for  long  distance  telephone  circuits, 
and  makes  it  possible  to  obtain  three  circuits  from  each  two 
pairs  of  wires  instead  of  two.  The  principle  involved  in  phan- 
toming  is  generally  understood.  The  arrangement  is  indicated 
diagrammatically  in  Fig.  1. 

By  the  transposition  of  a  phantom  circuit  the  pin  positions  of 
its  side  circuits  are  interchanged,  and  the  coefficients  of  inductive 
effect  between  the  side  circuit  and  other  circuits  on  the  lead  are 
changed.  In  order  that  the  phantoming  may  be  possible  with- 
out interference,  it  is  therefore  necessary  not  only  to  very  care- 
fully balance  the  terminal  transformers  and  other  apparatus 
connected  to  the  telephone  lines,  but  also  to  use  a  transposition 
system  that  provides  for  a  very  high  degree  of  balance  of  the  in- 
ductive effects  between  the  phantom  and  its  side  circuits  and 
also  between  these  circuits  and  the  other  circuits  on  the  pole  line. 
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It  IS  evident  that  in  designing  the  transpositions  in  the  side  cir- 
cuits it  is  necessary  to  take  into  account  the  transpositions  in 
the  phantom.  For  example,  in  the  figure,  side  circuit  C  would  be 
considered  balanced  to  side  circuit  F  if  the  transpositions  in  these 
two  circuits  only  were  to  be  considered.  However,  the  trans- 
positions in  the  phantom  circuits  change  the  coeflScients  of  in- 
duction between  circuits  C  and  F  in  different  parts  of  the  section 
shown  and  therefore  prevent  the  transpositions  in  the  side  cir- 
cuits from  balancing  this  section. 
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Fig.  2 — Typical  Arrange mbnts  of  Transpositions 


Equations  showing  the  method  of  computing  the  equivalent 
exposure  and  the  type  unbalance  between  circuits  which  are 
phantomed  are  given  in  Appendix  D. 

In  order  to  fit  in  with  standard  telephone  practises  a  trans- 
position system  must  provide  for  the  phantoming  of  any  two 
horizontally  adjacent  pairs  of  circuits  and  any  two  vertically 
adjacent  pole  pairs.  The  system  must  also  provide  that  any  of 
these  combinations  of  circuits  may  be  phantomed  and  any 
others  non-phantomed. 
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Typical  Arrangements  of  Transpositions,  In  carrjong  out  the 
design  of  a  transposition  system  it  is  convenient  and  economical 
to  arrange  the  transpositions  for  each  circuit  in  accordance  with 
one  or  another  of  a  list  of  selected  typical  arrangements.  In 
Pig.  2  are  shown  the  types,  32  in  number,  suitable  for  use  in  a 
transposition  section  made  up  of  32  parts  of  equal  length. 
Reading  from  bottom  to  top,  the  types  are  arranged  in  the  draw- 
ing so  that  each  type  has  one  more  transposition  per  section 
than  the  preceding  type. 

The  type  unbalance  between  two  telephone  circuits  is  deter- 
tnined  by  the  relative  transposition  of  the  two  circuits,  that  is, 
the  points  at  which  one  circuit  is  transposed  but  not  both.  The 
typical  arrangements  of  transpositions  have  the  characteristic 
that  the  exposure  between  any  two  circuits  so  transposed  can  be 
represented  by  some  other  type;  that  is,  the  expostu-e  between 
any  two  types  is  the  same  as  the  exposure  between  some  other 
type  and  a  circuit  without  transpositions.  For  example,  ex- 
posure ftok^  exposure  FtoK  ^A,  exposure  /  to  m  =  A.  For 
transposition  sections  divided  into  64  equal  parts,  32  more 
typical  arrangements  can  be  added  to  the  32  shown  in  the  figure 
by  adding  a  transposition  at  the  midpoint  of  each  elemental 
length  of  each  type. 

Typical  Arrangements  for  Exposed  Lines.  The  purpose  of  the 
exposed-line  transposition  system  is  particularly  to  provide  in- 
creased facility  in  balancing  the  induction  from  outside  circuits 
in  so  far  as  this  can  be  done  by  transpositions.  The  effect  of 
outside  circuits  in  inducing  voltages  between  the  telephone 
wires  and  ground  which  may  be  productive  of  very  serious  inter- 
ference caimot  be  remedied  by  transpositions  in  the  telephone 
drcuits,  but  can  frequently  be  greatly  reduced  by  transpositions 
in  the  outside  circuits.  The  telephone  circuit  transpositions 
must  be  designed  to  equalize  the  voltages  induced  in  the  two 
sides  of  each  telephone  circuit  with  the  greatest  possible  flexi- 
bility in  the  location  of  the  transpositions  in  the  outside  cir- 
cuits. This  imposes  great  limitations  on  the  typical  arrange- 
ments of  transpositions  which  can  be  used. 

The  outside  disturbing  circuits  can  be  classified  as  follows: 

1.  Non-transposed  circuits  such  as  telegraph  circuits. 
This  applies  also  to  the  residual  components  of  ciurent  and 
voltage  in  power  circuits. 

2-  Two-wire  transposed  circuits  such  as  single-phase  power 
circuits. 
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3.     Three-phase  power  circuits. 

In  order  that  the  disturbing  effect  of  circuits  of  the  first  class 
may  be  reduced  as  far  as  possible,  no  typical  arrangement  of 
telephone  transpositions  can  be  used  whose  type  unbalance 
factor  to  non-transposed  circuits  exceeds  a  certain  value.  This 
eliminates  a  few  of  the  types  having  the  least  numbers  of  trans- 
positions. 

Two-wire  outside  circuits  can  best  be  transposed  in  accord- 
ance with  some  of  the  typical  arrangements  for  telephone  cir- 
cuit transpositions.  A  balance  to  these  circuits  requires  then 
that  certain  types  be  set  aside  for  their  use  and  that  the  ex- 
posures between  the  transposed  telephone  circuits  and  the  out- 
side circuits  transposed  in  accordance  with  these  types  be  kept 
below  the  limiting  values  set  for  type  unbalance  for  these  cases. 

The  inherent  complication  in  balancing  the  inductive  effects 
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LENGTH  OF  POWER  BARREL  MILES 

Pig.  3 — Number  of  Typical  Arrangements  of  Telephone  Trans- 
positions WHICH  Coordinate  with  Three-Phase  Power  Lines  Trans- 
posed WITH  Different  Lengths  of  Barrel 

between  telephone  circuits  and  three-phase  power  circuits 
arises,  as  has  been  noted,  from  the  fact  that  a  three-phase  cir- 
cuit has  three  different  arrangements  of  conductors  on  the  pin 
positions  and  a  two  wire  telephone  circuit  has  but  two.  There 
are,  therefore,  six  combinations  of  relative  pin  positions  of  the 
two  circuits,  all  to  be  used  for  equal  lengths  of  line. 

In  considering  the  severe  restrictions  placed  on  the  selection 
of  telephone  transposition  types  by  the  necessity  of  balancing 
to  transposed  three-phase  power  circuits,  the  following  conditions 
may  be  noted: 

1.  If  the  barrels  of  the  power  line  are  very  long,  they  can  be  made  to 
coordinate  with  almost  all  of  the  typical  arrangements  by  having  each 
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non-transposed  section  of  power  circuit,  that  is,  each  third  of  a  barrel, 
equal  in  length  to  one-half  or  one-fourth  of  the  telephone  transposition 
section,  for  most  of  the  typical  arrangements  balance  within  this  length. 
This  is  shown  in  Pig.  3,  assuming  12.8  km.  (8  miles)  to  be  the  length  of 
the  telephone  transposition  section.  Thus  with  a  19.2-km.  (12-mile) 
power  barrel  the  telephone  circuits  may  be  balanced  for  each  6.4-km. 
(4-mile)  non- transposed  length  of  the  power  circuit.  However,  as  the 
length  of  the  power  barrel  is  progressively  decreased  to  9.6  km.  (6  miles), 
4.8  km.  (3  miles)  2.4  km.  (1  yi  miles)  etc.,  the  number  of  typical  ar- 
rangements of  telephone  transposition  which  can  be  used  very  rapidly 
decreases. 

2.  If  the  barrels  of  the  power  line  are  very  short,  they  may  be  made  to 
coordinate  with  all  the  typical  arrangements  by  having  a  complete  barrel 
between  telephone  transpositions.  In  the  case  shown  in  Pig.  3  this  re- 
quires a  0.4-km.  (Ji  mile)  barrel.  As  the  length  of  barrel  is  increased,  how- 
ever, to  0.8  km.  (H  mile)  1.6  km.  or  3.2  km.  (1  to  2  miles)  etc.,  the  number 
of  typical  arrangements  of  telephone  transposition  which  can  be  used, 
very  rapidly  decreases. 

3.  Barrels  in  the  power  line  of  relative  lengths  other  than  those 
mentioned  do  not  in  general  coordinate  with  telephone  transposition 
arrangements. 

As  a  chief  requirement  of  the  exposed-line  system  was  that 
it  should  provide  a  maximum  possible  flexibility  in  the  location 
of  transpositions  in  parallel  three-phase  power  circuits,  this  was 
made  a  matter  of  most  careful  study.  The  results  obtained  are 
outlined  in  the  description  of  the  system  given  in  the  next 
section  of  this  paper. 

Determination  of  Limiting  Permissible  Exposures.  Before 
the  attempt  can  be  made  to  select,  from  among  the  typical  ar- 
rangements of  transpositions  which  can  be  used,  a  type  for  each 
telephone  circuit  on  the  lead,  a  table  is  made  up  of  the  limiting 
type  unbalances  which  can  be  permitted  between  pairs  of  cir- 
cuits, asstuning  that  a  given  limit  of  the  induced  current  be- 
tween circuits  cannot  be  exceeded.  The  procedure  is  as 
follows: 

1.  A  computation  is  made  of  the  total  amount  of  unbalance  which 
could  be  permitted  between  each  combination  of  circuits  on  the  lead,  taken 
two  at  a  time.  This  unbalance  is  expressed  in  terms  of  the  length  of  un- 
transposed  exposure  between  the  circuits  which  would  give  the  limiting 
value  of  induced  current,  no  current  being  induced  in  the  rest  of  the 
circuit. 

2.  The  total  allowable  unbalance  for  each  pair  of  circuits  is  reduced  by 
a  figure  representing  the  unbalance  which  must  be  expected  to  arise  from 
irregularities  with  the  type  of  construction  to  be  employed. 

3.  The  remaining  unbalance  represents  the  limiting  permissible  effect 
of  type  unbalance  in  a  long  length  of  line. 

4.  From  data  regarding  the  attenuation  of  currents  along  the  tele- 
phone circuits,  and  from  the  total  limiting  effect  of  type  unbalance,  a  corn- 
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putation  is  made  of  the  limiting  type  unbalance  per  transposition  section. 
This  sets  a  direct  limit  on  the  relative  expostixe  type  between  each  pair  of 
circuits. 

The  Design  of  a  Transposition  System.  With  the  information 
regarding  the  requirements  of  the  proposed  transposition  system 
prepared  as  indicated  above,  the  creation  of  a  design  which 
shall  meet  the  requirements  of  maximum  economy  and  efficiency 
is  a  problem  requiring  a  great  deal  of  skillful  and  conscientious 
application  on  the  part  of  a  trained  expert.  The  problem  is  of 
course  one  of  selecting  from  the  typical  arrangements  which  can 
be  used,  the  best  type  for  each  circuit  such  that  the  type  unbal- 
ance between  no  two  circuits  will  exceed  the  established  limit. 

In  order  that  a  design  may  be  complete  it  must  provide  for 
any  number  of  crossarms  on  the  telephone  lead.  However,  it 
is  generally  desirable  to  take  into  consideration  only  four  cross- 
arms  at  the  beginning  of  the  design.  Considering  all  the  cir- 
cuits, phantom  and  two-wire,  which  may  be  placed  on  the  lead, 
taken  in  combinations  of  two  there  are  about  2500  such  com- 
binations on  a  standard  40-wire  pole  line. 

In  carrying  out  the  design  of  the  exposed-line  transposition 
system  it  was  desired  to  make  the  requirements  both  of  efficiency 
and  economy  as  exacting  as  could  possibly  be  met.  These  re- 
quirements were  set,  therefore,  at  the  beginning  of  the  work,  so 
high  that  no  design  could  meet  them,  and  then  gradually  reduced 
until  it  was  possible  to  complete  the  design.  As  the  design  de- 
pends on  a  number  of  interdependent  requirements,  this  process 
not  only  requires  a  very  large  amount  of  work  but  demands  the 
continual  exercise  of  trained  judgment  on  the  part  of  the  designer 
to  bring  about  the  mutual  adjustment  of  requirements  so  as  to 
produce  the  best  final  result. 

The  process  of  determining  whether  or  not  a  design  can  be 
established  to  meet  a  given  set  of  requirements  is  very  technical 
and  will  not  be  described  here  in  detail.  It  involves  a  syste- 
matic consideration  of  all  the  possible  arrangements.  These 
possibilities  are  very  great  in  number — about  seven  million  in  the 
case  of  the  E  section  design — and  are,  of  course,  not  considered 
individually,  but  in  groups,  and  successive  groups  of  possibilities 
are  rejected  wfien  it  has  been  proved  that  they  could  not  meet 
the  requirements. 

The  systematic  grouping  of  the  possibilities,  and  the  means 
adopted  for  the  examination  and  elimination  of  the  groups  de- 
pends a  great  deal  upon  the  experience  and  skill  of  the  designer. 
The  general  method  which  has  been  successfully  employed  can 
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be  roughly  described  as  a  consideration  of  the  design  in  steps. 
First  the  attempt  is  made  to  carry  through  a  preliminary  design 
in  which  pairs  of  circuits  which  cannot  be  exposed  to  each  other 
untransposed  for  the  entire  length  of  the  transposition  section 
(P  exposures)  afe  provided  with  different  typical  arrangements 
of  transpositions,  but  in  which  no  other  requirements  are  con- 
sidered. If  this  design  is  possible,  the  other  balance  limitations 
of  the  types  selected  are  added,  one  by  one. 

When  a  design  is  finally  reached  it  is  usually  found  that  any 
one  of  a  considerable  number  of  arrangements  will  meet  the 
balance  requirements  almost  equally  well.  The  most  economical 
of  these  is  chosen  for  use.  In  determining  upon  the  relative 
economy  of  different  designs,  account  is  taken  of  the  extent  to 
which  circuits  on  different  pin  positions  will  exist  in  the  tele- 
phone plant  and  the  extent  to  which  it  might  be  possible,  in 
retransposing  existing  lines,  to  use  the  present  transpositions 
as  a  part  of  the  transpositions  called  for  in  accordance  with  the 
new  system. 

ExposED-LiNB  Transposition  System 
Special    Electrical    Requirements,    The    exposed-line    trans- 
position system  was  designed  to  meet  the  following  special 
electrical  requirements: 

1.  The  greatest  practicable  flexibility  for  the  arrangement  of 
transpositions  in  power  circuits  paralleling  the  telephone  circuits, 
the  power  circuit  transpositions  co-ordinating  with  those  in  the 
telephone  circuits  so  as  to  produce  a  balance  of  the  inductive 
effects.  This  requirement  to  be  met  for  transpositions  both  in 
three-phase  circuits  and  in  single-phase  circuits. 

2.  A  suitable  balance  against  the  inductive  effects  of  tele- 
graph circuits  or  other  ground  return  circuits  paralleling  the 
telephone  circuits. 

3.  A  degree  of  freedom  from  interference  between  the  tele- 
phone circuits  (crosstalk)  suitable  for  modem  high  grade  tele- 
phone circuits  used  in  connection  with  loading  and  with  tele- 
phone repeaters. 

General  Requirements.  In  addition  to  these  special  require- 
ments, it  must  meet  the  following  requirements  for  any  satis- 
factory transposition  system: 

1.  Neutral  Points,  The  system  must  be  arranged  so  that 
neutral  points,  that  is,  points  at  which  a  maximum  degree  of 
balance  is  obtained  between  all  circuits  on  the  telephone  line  are 
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provided  where  there  are  discontinuities  in  line  construction  or 
in  the  parallel.  In  the  case  of  open  wire  toll  lines  of  the  Bell 
telephone  system,  there  must  be  neutral  points  at  regular  inter- 
vals of  about  12.8  km.  (actually  7.88  miles).  In  addition  there 
must  be  neutral  points  wherever  there  is  an  important  junction 
between  telephone  lines  and  at  other  points  of  discontinuity.  It 
is,  therefore,  desirable  that  the  system  include  a  design  intended 
for  a  maximum  length  of  12.8  km.  and  another  design  or  de- 
signs for  shorter  maximum  distances. 

2.  Cost.  The  completed  section  must  be  designed  for  as 
low  a  cost  as  practicable  without  sacrifice  of  the  electrical  re- 
quirements.    This  means  that  as  far  as  other  conditions  of 


For  lengths  between  12.8  Km.  (8  miles)  and  the  minimum  distance 
Crossarms  One  to  Four  ^^  j^„  pe^^j^  ^he  necessary  number  of  transposition  poles. 
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4 — E   Section — Transposition    System    for    Non-Phantomed 
Circuits  on  Exposed  Telephone  Lines 


design  permit,  the  typical  arrangements  having  the  least  numbers 
of  transpositions  should  be  placed  on  the  circuits  most  often  used. 
In  general,  it  is  desirable  that  phantom  circuits  have  fewer 
transpositions  than  two-wire  circuits  as  phantom  circuit  trans- 
positions are  the  more  expensive. 

3.  Transposition  Poles.  It  is  desirable  that  the  transposition 
poles  be  as  few  in  number  as  practicable  not  only  on  account  of 
expense  but  because  the  use  of  large  numbers  of  transposition 
poles  limits  the  minimum  length  of  a  transposition  section.  The 
use  of  many  poles  may  also  tend  to  increase  the  induction  be- 
tween telephone  circuits  due  to  irregularities. 

E  Section  and  L  Section.  As  a  result  of  the  study,  two  de- 
signs have  been  gpmpleted  which  ^r^  galled  respectively  the  E 
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section  and  the  L  section.  Diagrams  showing  transpositions 
according  to  the  E  section  for  crossarms  1  to  8  of  a  pole  line  are 
shown  in  Figs.  4  to  9,  inclusive,  and  according  to  the  L  section 
in  Figs.  10  to  15,  inclusive.  It  will  be  noted  by  examination 
of  the  figures  that  the  designs  provide  for  the  phantoming  of  any 
two  horizontally  adjacent  pairs  or  of  any  two  vertically  ad- 
jacent pole  pairs  on  the  lead.  In  carrying  out  the  designs  pro- 
vision has  been  made  for  extension  if  necessary  to  any  number 
of  crossarms. 

The  E  section  is  designed  for  a  maximum  length  of  approxi- 
mately 12.8  km.     It  was  found  impossible  to  meet  the  electrical 

For  lengths  between  12.8  Km.  (8  mile$)and  the  minimum  distanct 
Crossarms  One  to  Four  ^^^  ^„  ^^^^^  ^  ^  nec^saiy  number  of  transpositioo  poles. 
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The  figure  at  each  phantom  transposition  indicates  the  type 

Pig.  5 — E  Section — Transposition  System  for  Phantomed  Circuits 
ON  Exposed  Telephone  Lines — Arrangements  for  Phantoming 
ALL  Circuits 


requirements  for  this  case  with  the  use  of  32  transposition  poles 
per  section.  It  was  possible,  however,  to  design  the  E  section 
so  that  in  the  first  four  crossarms  the  non-phantom  circuits  and 
the  phantom  circuits  which  are  most  commonly  used  require  only 
32  transposition  poles,  so  that  in  some  toll  lines  not  exceeding 
four  crossarms,  the  larger  number  of  transposition  poles  will  not 
be  necessary.  For  circuits  on  crossarms  below  the  fourth  and 
for  some  infrequently  used  phantomed  circuits  on  the  upper 
crossarms,  64  transposition  poles  are  required. 

The  E  section  may  be  used  for  as  short  a  length  of  line  as 
supplies  the  required  number  of  transposition  poles.  For 
distances  less  than  6.4  km.,  however,  it  is  economical  to  use  the 
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L  section.  It  has  just  half  the  ntimber  of  transposition  poles 
for  the  corresponding  circuits. 

When  two  or  more  L  sections  are  used  consecutively  in  the 
same  loading  section,  junction  transpositions  should  be  installed 
at  the  S  poles  between  them  in  order  to  reduce  the  induction 
between  the  telephone  circuits.  These  junction  transpositions 
are  indicated  in  the  drawings  for  as  many  as  four  consecutive 
L  sections. 

Use  ofE  and  L  Sections  on  Exposed  Lines.  The  results  obtained 
in  meeting  the  special  electrical  requirements  regarding  balance 
to  the  inductive  effects  of  outside  circuits  are  indicated  in  the 
following  table: 

£  Section  L  SectUm 


1.  Element  of  section  in  which 
each  circuit  is  transposed  at 
least  once,  «'.  *.  balances  to  a 
parallel  non-transposed  disturbing 
circuit. 


8th  Section 


Quarter-Section 


2.  Neutral  points  suitable  for 
the  location  of  transpositions  in 
paralleling  three-phase  power  cir- 
cuits, separation  of  approximate 
centers  of  disturbing  and  dis- 
turbed groups  of  wires  more  than 
6  meters. 


8th  Section  points;  i.  e., 
barrels  having  nominal  length 
of  4.8  km.  (3  miles)  or  9.6 
km.  (6  miles)  can  be  used. 
Five  points  dividing  distance 
between  any  two  8th-section 
points  into  six  equal  parts,  all 
five  transpositions  to  be  ro- 
tated in  the  same  direction; 
t.  e.,  nominal  0.8  km.  (0.5 
mile)  barrels  can  be  used  also. 


Quarter-section 
points;    i.e.    nom- 
inal   4.8    km.     (3 
mile)    barrels    can 
be  used. 


3.  Neutral  points  suitable  for 
the  location  of  transpositions  in 
paralleling  metallic  single-phase 
power  circuits — separation  as  de- 
fined above  mere  than  6  meters. 


8th-section  points.  3  points 
dividing  distance  between  any 
two  Sth-section  points  into 
four  equal  parts. 


Quarter-section 

points. 


4.  Neutral  points  suitable  for 
the  occurrence  of  discontinuities — 
separation  as  defined  above  more 
than  six  meters. 


Sth-section  points 


Quarter-section 
points 


5.'  Neutral  points  suitable  for 
the  location  of  transpositions  in 
disturbing  power  circuits  or  the 
occurrence  of  discontinuities  in 
disturbing  power  or  telegraph  cir- 
cuits— separation  as  defined  above 
less  than  6  meters. 


Mid-section  point 


Mid-section 
point 


6.  Neutral  points  suitable  for 
the  occurrence  of  discontinuities 
in  telephone  circuits. 


S-potes 


S-poles 


The  results  given  in  the  table  are  further  illustrated  in  Pigs. 
16  and  17  which  show  premissible  relative  locations  of  the  tele- 
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phone  transposition  poles  and  of  transpositions  and  discontin- 
tiities  in  the  outside  parallel  circuits  or  changes  in  separation 
between  the  two  classes  of  circuit. 

It  will  be  noted  that  the  E  section  can  be  used  to  coordinate 
with  transpositions  in  three-phase  power  circuits  which  create 
for  the  maximum  length  of  E  section  0.8  km.  (J^  mile),  4.8  km. 
3  miles)  or  9.6  km.  (6  miles)  barrels  in  the  power  circuit.  As  it 
was  considered  very  important  to  obtain  the  maximum  practicable 
degree  of  flexibility  in  this  respect,  this  matter  was  given  very 
thorough  study  and  a  large  amount  of  work  was  required  to  ar- 
rive at  this  result.  It  should  be  noted,  moreover,  that  in  the 
use  of  a  0.8-km.  barrel,  two  barrels  occupying  a  1.6-km.  section 
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Fig.  10 — L  Section — Transposition  System  for  Non-Phantomed 
Circuits  on  Exposed  Telephone  Lines 

of  the  transposition  system  are  required  to  obtain  a  balanced 
condition. 

In  the  L  section  the  requirements  for  the  avoidance  of  ex- 
cessive interference  between  the  telephone  circuits  are  more 
exacting  than  in  the  E  section  because  the  use  of  a  smaller 
number  of  transposition  poles  makes  available  a  correspondingly 
smaller  number  of  typical  arrangements  of  transpositions.  It 
was  found  possible,  however,  to  design  this  section  so  that  it 
balances  to  a  three-phase  power  line  transposed  at  the  quarter 
section  points. 

The  exposed-line  transposition  system  has  been  designed  pri- 
marily for  use  on  toll  lines  and  not  for  use  on  joint  lines   with 
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power  distribution  circuits.     It  is,  however,  somewhat  better 
for  this  case  than  the  other  transposition  systems  in  use. 

When  large  inductive  effects  are  experienced  from  circuits 
less  than  20  ft.  (6  m.)  away  from  a  side  circuit,  the  variation  in 
separation  between  the  telephone  circuit  and  the  exposing  cir- 
cuits as  the  side  circuits  shifts  from  one  pair  of  pin  positions  to 
another  must  be  taken  into  consideration.  The  E  section  is 
not  designed  to  give  a  high  degree  of  balance  under  this  condition 
for  all  circuits  in  each  eighth-section,  but  does  give  balance  to 
uniform  outside  induction  effects  for  most  circuits  in  each 
eighth-section  and  with  one  exception,  for  all  circuits  in  each 
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Notes:  Line  transposed  in  direction  of  arrow. ^ 

The  figure  at  each  phantom  transposition  indicates  the  type. 
TransposWoo  maitod  «:to  l)e  cut  in  only  when  3  consecutive  L's  are  used. 

Fig.  11 — L  Section — Transposition  System  for  Phantomed  Circuit 
ON  Exposed  Telephone  Lines — Arrangements  for  Phantoming  all 
Circuits 


L 
32 


half-section.  Under  similar  conditions  the  L  section  gives  a 
balance  for  most  circuits  in  each  quarter  section  and  for  all 
circuitc  in  each  half  section. 

It  should  be  clearly  pointed  out  that  in  the  use  of  the  telephone 
transposition  sections  to  coordinate  with  transpositions  in  power 
circuits,  it  is  important  that  the  transpositions  in  the  two  lines 
be  coordinated  both  as  regards  relative  length  and  as  regards 
relative  location  of  telephone  transposition  section  and  trans- 
positions in  the  power  circuits.  The  locations  of  the  trans- 
positions in  either  line  must,  therefore,  be  made  with  reference 
to  the  requirements  of  the  other.     It  is  frequently  the  case  that 
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the  locations  of  the  transpositions  in  the  power  circuit  are  to  a 
large  degree  determined  by  the  changes  in  separation  and  other 
characteristics  of  the  parallel. 

For  lengths  between  6.4  Km.  (4  milet)  and  the  minimum  distance 
wfMd*  wH(  pertntt  erf  ttw  n«c*ssar>  dumber  oC  tran^pMilkKi  poles. 
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Notes:'  Line  transposed  indirection  ol  arrow. 
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TYm  figure  at  each  phantom  transposition  indicates  the  typ6. 

Pig.  12 — L  Section — Transposition  System  for  Phantomed  Cir- 
cuits ON  Exposed  Telephone  Lines — Arrangements  for  Horizontal 
Pole  Pair  Phantoms  and  Odd  Vertical  Phantoms 


The  E  and  the  L  section  are  both  designed  to  give  a  high  de- 
gree of  balance  of  the  inductive  effects  between  the  telephone 
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Fig.    13 — L   Section — Transposition   System   for    Non-Phantomed 
Circuits  on  Exposed  Telephone  Lines 

circuits.     In  using  them,  therefore,  it  is  important  that  the 
transposition  poles  be  spaced  as  accurately  as  practicable  in 
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order  to  avoid  diminishing  the  effectiveness  of  the  system  in  this 
respect  because  of  irregularities. 

The  design  work  led  to  a  large  number  of  possible  arrangements 
of  approximately  equal  electrical  efficiency.  In  choosing  from 
these  the  most  economical,  account  was  taken  both  of  the  cost 
of  transposing  when  stringing  new  circuits  and  of  the  cost  of 
retransposing  to  the  new  system  telephone  lines  now  transposed 
according  to  other  arrangements  standard  with  the  Bell  Tele- 
phone Companies.  Although  a  most  careful  study  was  made  of 
economy  it  was  necessary  because  of  the  special  characteristics 
required  in  this  system  to  allow  in  the  final  sections    a  cost  of 
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For  lengths  between  6.4  Km.  (4  miles)  and  the  minimum  distance 
which  will  permit  of  the  necessary  numt)er  of  transposition  poles. 
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Notes:- Line  transposed  in  direction  of  anrow. — 

The  figure  at  each  phantom  transposition  indicates  the  type. 

Phantom  transposition  martwdSlis  a  Na3  type  with  3  L's  and  a  Na4  type  with  4  L's. 

Fig.  14 — L  Section — Transposition  Systbm  for  Phantomed  Circuits 
ON  Exposed  Telephone  Lines — Arrangements  for  Phantoming 
ALL  Circuits 

telephone  transpositions  25  to  50  per  cent  greater  than  that  of 
the  section  which  is  standard  in  the  Bell  Telephone  System  for 
use  on  non-exposed  lines. 

Conclusion 
The  results  obtained  in  the  design  of  the  E  and  L  sections 
were  possible  only  through  a  systematic  study  of  the  problem. 
The  work  directed  particularly  to  the  design  of  these  two  sections 
occupied  about  two  man-years'  time  of  the  specially  trained 
experts  who  carried  out  the  work.  The  investigation  has  been 
so  thorough  that  the  conclusion  seems  warranted  that  the  E 
section  and  the  L  section  are  substantially  the  best  arrangement 
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of  transpositions  which  could  be  devised  to  meet  the  require- 
ments established  for  them. 

The  work  of  many  members  of  the  engineering  department  of 
the  American  Telephone  and  Telegraph  Company  has  con- 
tributed to  the  results.  The  theory  of  induction  between  tele- 
phone circuits  and  the  special  analytical  methods  of  design  have 
been  developed  in  the  department  during  a  considerable  num- 
ber of  years.  Special  mention  should  be  made  of  the  work  of 
Mr.  G.  A.  Campbell  who,  years  ago,  laid  the  foundations  for 
the   theory  of  induction  between  telephone  circuits,  and  of 
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Notoc-  Une  transposed  indirection  of  arrow. " 

The  figure  at  each  phantom  transposition  indicates  the  type. 

Fig.  15 — L  Section — Transposition  System  for  Phantomed  Cir- 
cuits ON  Exposed  Telephone  Lines — Arrangements  for  Horizon- 
tal  Pole  Pair  Phantoms  and  Odd  Vertical  Phantoms 


Messrs.  A.  G.  Chapman  and  R.  E.  Leonard,  who  perfected  the 
methods  of  systematic  search  and  carried  out  the  design  of  the 
E  and   L   sections. 

APPENDIX  A.  INDUCTION  BETWEEN  PARALLEL  WIRES 

1.  Two  Wires  with  Ground  Return — Short  Length  of  Exposure. 
If  the  current  and  voltage  in  a  short  element  of  circuit  No.  1 
(Fig.  18)  are  represented  by  /  and  £,  the  inductive  effect  which 
this  element  of  circuit  No.  1  exercises  on  parallel  circuit  No.  2 
can  be  represented  as  follows: 

The  voltage  induced  in  circuit  No.  2  because  of  current  /  is 

Vt^-jialMl  (1) 
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where  a>  equals  2  ir  times  the  frequency,  /  the  length  of  element  of 
circuit  considered  and  Moj  the  mutual  impedance  between  the 
circuits  per  unit  length.  In  the  case  of  a  perfectly  conducting 
earth  surface,  M  is  made  up  entirely  of  the  mutual  inductance 
caused  by  the  linkage  of  flux  from  circuit  No.  1  with  circuit  No.  2. 
With  a  perfectly  conducting  earth  surface  this  mutual  inductance 
can  be  readily  computed  by  the  method  of  images.  Under 
actual  conditions  the  mutual  inductance  is  affected  by  the  re- 
sistance of  the  earth,  which  increases  the  linkages  between  the 
two  grounded  circuits  because  it  causes  the  return  current  from 
circuit  No.  1  to  distribute  more  or  less  widely  throughout  the 
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permit  of  necessary  number  of  transposition  poles  to  41,600  ft 
Noter-Unless  otherwise  indicated  the  separation  Ixrtween  the  telephone  cifcuits  and  the 
distributing  circuits  shown  is  more  than  20  ft 

Fig.  16 — Characteristics  of  Exposed  Line  E  Section  — Diagram 
Illustrates  Length,  Number  of  Transmission  Poles  and  Permissible 
Locations  of  Transpositions  and  Discontinuities  in  Extraneous 
Disturbing  Circuits 

earth  rather  than  to  flow  in  a  current  sheet  on  the  earth  surface. 
In  many  cases,  also,  the  fact  that  the  two  circuits  both  use  the 
earth  return  having  a  finite  resistance  introduces  an  appreciable 
resistance  term  into  the  mutual  impedance.  Sometimes  this 
term  is  very  important. 

The  voltage  induced  in  a  short  section  of  wire  2  because  of  the 
voltage  between  wire  1  and  ground  is 


62  =  E 


C2  +  Cu 


(2) 


In  this  equation  Cm  and  Ct  are  the  direct  capacities  from  wire 
2  to  wire  1  and  to  the  ground,  respectively;  that  is,  they  are  the 
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capacities  measured  by  the  charges  on  wire  1  and  on  the  earth 
when  wire  1  is  connected  to  the  earth  and  unit  potential  is 
applied  between  wire  2  and  the  combination  of  wire  1  and  earth. 
If  the  short  section  of  ^vire  2  is  connected  to  the  earth,  the 
charging  current  flowing  to  ground  is 

ii  =  j  0)  I  E  Cm  (S) 

That  is  the  induced  voltage  acts  like  a  generator  having  a  volt- 
age €2  connected  between  wire  2  and  ground  through  a  condenser 
whose  capacity  is  equal  to  the  total  grounded  capacity  of  the 
exposed  section  of  wire  2.     This  is  indicated  in  Fig.  19. 


NoivTranspoMd  Lightli^  Won- Joint  Telegraph  Cwoiits 
Of  Powy  wrcuit    . 


Single  Phase  Ptwer-t  Mile  spacing  ^ 


3Phase 


Pwm-3  Mile  Barrel 


^ 


Lighting  Of  Power  Circuits-Separaibon  less  than 


20 


i 


Typical  "Frequenr  Phantom    . - 
Group  16  Transp.  Ppj«  *^ 

Typical  Infrequenr  Phantom  s-g 
Group  32  Transp.  Poles 

Typical  Mon-Phantomed  j:::. . . . 


Circuit  Fnt  4  Arms 
16  Tnnsposition  Poles 

Joint  Telegraph  Cifcuitsr 


permit  of  n«Msaiy  number  of  transposWon  poln  to  2Q300  ft. 
Note:4Jnless  othenMse  indicatod  the  separation  betvveen  the  telephone  circuits  and  the 
distributing  circuits  shown  is  more  than  20  ft. 

Pig.  17 — Characteristics  of  Exposed  Line  L  Section — Diagram 
Illustrates  Length,  Number  of  Transposition  Poles,  and  Per- 
missible Locations  of  Transpositions  and  Discontinuities  in  Ex- 
traneous Disturbing  Circuits 

2.  Small  Induced  Effects,  In  cases  where  the  induced 
currents  and  voltages  are  small  compared  with  the  inducing 
currents  and  voltages  so  that  their  reaction  on  the  inducing  cir- 
cuit can  be  neglected,  the  magnitude  of  the  induced  effects  can 
be  obtained  by  solving  for  the  values  of  current  and  voltage  in 
the  disturbing  circuit,  neglecting  the  presence  of  the  other 
circuit,  and  then  applying  equations  similar  to  those  given  above 
for  each  element  of  the  parallel  between  the  two  circuits. 

3.  A  number  of  Parallel  Wires.  The  computation  of  induced 
currents  is  much  complicated  when  there  are  several  disturbing 
wires  or  several  disturbed  wires  or  both. 
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The  computation  of  the  electromagnetic  induction  may  be 
complicated  by  the  reaction  between  the  induced  currents  in 
different  disturbed  circuits.  In  cases  where  the  induced  effect 
is  small,  however,  the  electromagnetic  induction  can  be  com- 
puted for  this  case  as  for  a  single  circuit. 

In  determining  electrostatic  induction  with  a  large  number 
of  parallel  circuits,  it  is  evident  that  it  becomes  exceedingly 
complicated  to  compute  the  direct  capacities  which  are  used.  It 
is  possible  to  greatly  simplify  this  work  in  cases  in  which  the 
disturbed  and  disturbing  circuits  are  separated  so  that  each 
group  has  little  effect  on  the  direct  capacities  of  the  other  group. 
Under  these  conditions  the  direct  capacities  within  the  disturb- 
ing circuits  can  be  computed  and  from  this  computation  a 
determination  can  be  made  of  the  charge  of  electricity  on  each 
of  the  disturbing  wires  taking  account  of  the  voltages  on  all 
wires.  From  these  charges  it  is  possible  to  compute  the  poten- 
tials between  the  disturbed  wires  and  ground  if  isolated  in  space. 


=rC, 


c... 


Fig.  18  Fig.  19 

These  potentials  may  then  be  assumed  to  regulate  through  the 
direct  capacities  of  the  disturbed  circuits  as  indicated  in  the 
above  discussion  of  induction  between  two  parallel  wires.  In 
computing  the  flow  of  current  with  many  disturbed  wires  the 
effect  on  one  wire  of  the  other  wires  must,  of  course,  be  con- 
sidered. 

This  outlines  briefly  the  method  which  is  in  use  for  computing 
the  induction  between  three-phase  power  circuits  and  telephone 
circuits.  The  method  sometimes  described  in  the  text  books  is 
incorrect  in  that  it  does  not  take  account  of  the  mutual  reactions 
between  the  three  conductors  of  the  three-phase  circuit  which 
materially  modify  their  resultant  electrostatic  field. 

4.  Long  Parallel  Circuits,  In  the  case  of  two  long  circuits 
which  closely  parallel  each  other  without  means  for  neutralizing 
inductive  effects,  the  reaction  of  the  induced  currents  on  the 
disturbing  circuit  cannot  be  neglected.  If  the  circuits  are  very 
long  there  tends  to  be  the  same  distribution  of  current  and 
potential  at  the  receiving  ends  of  the  disturbing  and  disturbed 
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circtiits  as  there  would  be  if  equal  voltages  were  applied  to  the 
two  circuits  at  the  transmitting  end.  The  simplest  case  of  this 
sort  is  when  the  two  circuits  are  sjrmmetrical.  The  equations 
for  this  case  are  given  in  Appendix  B.  It  may  be  seen  that  even 
in  this  case  the  equations  are  so  complicated  that  their  use  in 
practise  would  be  burdensome.  Where  there  are  many  long 
parallel  wires  the  problem  becomes  one  of  utmost  complexity. 

5.  Parallel  Tdephone  Circuits.  In  the  case  of  telephone 
circuits  many  conductors  are  run  very  closely  parallel  for  long 
distances.  It  would  seem,  then,  that  the  general  solution  of  the 
inductive  eflfect  between  telephone  conductors  would  be  so  com- 
plicated as  to  be  hopeless  for  practical  use. 

In  attacking  this  problem,  however,  we  fortunately  are  not 
interested  in  the  general  case.  If  telephone  circuits  are  suitable 
for  commercial  service  they  must  be  so  arranged  that  the  in- 
ductive effects  between  any  two  circuits  are  exceedingly  small. 


Fig.  20 

This  is,  therefore,  a  case  in  which  the  reaction  of   the  induced 
currents  on  the  disturbing  circuit  can  be  neglected. 

If  one  considers  then  a  short  section  of  close  parallel  between 
a  disturbing  circuit  1-2  carrying  a  voltage  E  and  current  /  and  a 
disturbed  circuit  3-4  as  indicated  in  Fig.  20  the  voltage  due  to 
electromagnetic  induction  can  be  expressed  as  in  equation  (4) 

e  =  j  o)  I  Ml  (4) 

In  computing  the  current  flowing  at  A  due  to  electrostatic  induc- 
tion one  may  represent  the  direct  capacities  in  the  form  of  a 
Wheatstone  bridge  as  in  Fig.  21.  In  this  figure  the  direct 
capacities  a,  ft,  c  and  d  represent  the  Maxwell  capacity  coefficients. 
Capacities  «,  /,  g  and  h  represent  the  sum  of  the  direct  capacities 
between  the  wires,  1,  4,  2  and  3  respectively  and  all  other  wires 
and  ground.  This  grouping  is  permissible  because  the  induced 
efifects  all  being  small,  the  other  circuits  on  the  pole  line  are 
practically  at  grotmd  potential,  and  have  the  same  effect  on  the 
mutual  capacity  unbalance  between  the  circuits  1,  2  and  3,  4 
as  they  would  if  actually  connected  to  earth. 
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The  induced  current  is  represented  approximately  by  equation 
(8) 

a'  ^  a  -{ ,  6'  =  i  H ^,  etc.,  5  being  equal  to  e  +  f  +  g 

+  h. 

When  the  circuits  are  transposed  so  that  the  electrostatically 
induced  current  is  small  it  results  that  in  a  balanced  transposition 
section  a\  b\  c'  and  d'  are  all  very  nearly  equal.  Under  these 
conditions  the  magnitude  of  the  electrostatically  induced  current 
in  one  small  section  of  line  is  represented  with  a  sufficient  degree 
of  accuracy  by  equation  (6). 

t  ^j  u)E ^ (6) 

The  equations  given  above  indicate  the  coefficients  of  induc- 
tion which  must  be  detem\ined  in  order  to  make  possible  compu- 
tations of  the  induced  currents  between  telephone  circuits. 
The  mutual  inductance  unbalance  between  any  two  circuits 
can  be  computed  from  the  geometrical  positions  of  the  con- 
ductors. The  mutual  capacity  unbalance  can  be  computed 
readily  from  the  table  of  measured  values  of  direct  capacity  for 
all  wires  on  a  40- wire  pole  lead.  (Table  I.)  The  capacities  of 
course  vary  with  the  number  and  to  a  small  extent  with  the  size 
of  conductors  on  the  lead.  Forty  wires  is  a  typical  condition 
and  has  been  used  as  representative.  When  desirable,  correc- 
tion has  been  made  for  the  use  of  wires  of  larger  size. 

The  above  equations  therefore  present  a  thoroughly  practical 
method  of  computing  the  ctirrent  induced  between  short  sections 
of  two  telephone  circuits  which  are  well  transposed  against  each 
other.  The  correctness  of  the  results  obtained  in  this  way  has 
been  checked  by  experiment. 

APPENDIX  B— THE  INDUCTION  BETWEEN  TWO  LONG 
PARALLEL  SYMMETRICAL  CIRCUITS 

Assume  two  long  symmetrical  wires,  A  and  5,  as  shown  in 
Fig.  22,  operating  with  ground  return.  Assume  the  linear  self 
impedances  of  the  circuits  to  be  Zi  and  Zi  respectively,  the  linear 
mutual  impedance  to  be  w,  and  the  linear  direct  admittances  to 
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ground  and  linear  mutual  admittance  to  be  yi',  yt,  and  y^ 
respectively. 

The  differential  equations  for  inductive  effect  between  the  two 
circuits  are  as  follows: 

—  dvi                 ,    .  —  dvt        .        ,    . 

—  tiZi  +  ttm  —J =  tj  «i  +  *i  w 


ax  dx 

-  di\  —  dit 


vi  yi  -  vt  y^  =  p,  y,  -  vi  y^ 


dx  •'^•^^      •''-^-  djc 

In  the  above  formulas,  y  ^  yi   +  ym^  yt  =*  yt   +   ym,  and 
m  and  ^m  are  both  written  as  positive  quantities. 
For  the  case  of  two  symmetrical  wires  let 

2l  «=  Sj  =  s 

B 


■54 


Pig.  22 — Induction  Between  Two  Symmetrical  Grounded  Circuits 
Use  is  made  of  the  following  auxiliary  equations: 

y  +  ym  2        y  -  ym 

T.   =   V(2  -  m)  (y  +  3^«)  7p  =   V(s  +  w)  (y  -  y«) 

Equations  are  given  below  for  a  number  of  conditions  which 
are  of  interest.  In  these  equations,  vi  and  ii  represent  the  voltage 
and  current  on  the  disturbing  circuit  A  at  any  distance  x  from 
the  transmitting  end,  and  vj  and  it  represent  the  voltage  and 
current  on  the  disturbed  circuit  B. 

Case  I.     Voltage  impressed  on  circuit  i4  at  x  =»  0  is  £i 

Circuit  B  connected  to  earth  at  x  =  0  through  impedance  W 

Both  circuits  infinite  in  length. 

«  p       ^B{A  +2W)  e-'^P'  +  A{2B  +  W)  e-'sx 
^"^  '  W{A+4B)+4AB 

(7) 
(A  +2W)  €-^A«    +  (4  5  +  2  WO  €-^'« 


ii  =  El 


W{A+4B)+^AB 

(8) 
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2B(A  +2W)  e-'P*-  A  (2  B  +  W)  €-"* 
^*-  ^'  W(A+'kB)+iAB 

(9) 
.        p  (A  +2W)  e-'P'  -  {^B  +'2W)  e-"* 

**         '  W(A+iB)+iAB 

(10) 

Case  II,  If  the  resistance,  leakance,  and  internal  reactance 
are  negligible  and  the  equivalent  height  of  the  wires  above 
ground  is  the  same  for  static  and  magnetic  induction,  7^  =  7p 
and 

A      _     z—  m      _     y-ym 


4B  z+,m  y  +  y^  ^^^^ 

Then,  iiW=   oo,  it  follows  that 

1^2  =  t;,  -^  (12) 

Under  these  conditions,  (7.  =  7j»  and  W  =  co)  the  sending 
end  impedance  of  the  disturbing  circuit  is 

,,  ^  \/Il2Z  (13) 

y*  -  V 

This  equation  shows  that  under  these  conditions  there  is  no 
reaction  from  circuit  B  at  the  terminal  of  circuit  -4. 

Case  III.     Iizy„,  +  yfn  ^  0  (14) 

Then  B  ^  A/4:  and  it  follows  that 

that  is,  at  X  =0,  the  induced  voltage  and  current  are  0. 

If  ym  is  negligible,  equation  (14)  requires  that  m  =  0.  This 
may  be  approximated  by  the  use  of  compensating  transformers. 
The  above  relation  suggests,  however,  that  by  properly  adjusting 
the  value  of  tn  an  approximate  neutralization  of  induced  voltage 
might  be  obtained  in  some  special  cases  in  which  the  electrostatic 
induction  is  considerable. 
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Case  IV.     When  IT  =  oo,  then  at  x  =  0, 

""'  "  ^^     y(I>  +  l)+y«(P-l)  ^^^ 

where  -^  =  P. 
7. 

The  ratio  of  this  voltage  to  that  computed  by  equation  (12) 
gives  an  idea  of  the  error  involved  in  the  assumption  which  leads 
to  equation  (12). 
Case  V.     If  at  X  =  O, 

then  W=   VJ5 

and 

„.  .  E,  l^=r^  (1.) 

This  impedance,  V^  B,  is 

vis  -  2.  -  ^  V[i-(^)"][.-(-^)'J        (JO) 

gy 
y^-  yj 


Where  «o  =  V    ^  ^"^    .  =  the  infinite  line  impedance  for  a 


(13)  single  wire. 
Case  VI,     At  a  long  distance  from  the  origin, 

v^^v^   ^     ^'  '"^'^     iiW^O.  (21) 

Also  ri  =  rj  =  E^   .  ^^  ^  e"^^  if  IF  =  «.  (22) 

It  will  be  noted  that  the  voltages  on  the  disttirbed  and  dis- 
turbing wires  tend  to  become  equal  at  a  considerable  distance 
from  the  origin,  and  that  the  two  expressions  for  v\  and  vt  with 
maximum  and  with  minimum  shielding  are  nearly  the  same. 

APPENDIX  C— TYPE  UNBALANCE  BETWEEN  TRANS- 
POSED TELEPHONE  CIRCUITS 

The  induction  between  long  transposed  telephone  circuits  on 
the  same  lead  is  the  vector  sum  of  the  induction  between  all 
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short  elements  of  the  drctdts,  taking  into  account  the  attentia- 
tion  and  phase  change  of  the  inducing  currents  and  voltages  from 
the  transmitting  point,  and  the  attenuation  and  phase  change  of 
the  induced  ctirrents  in  their  propagation  to  the  end  of  the  cir- 
cuit from  the  point  at  which  the  inductive  effect  occurs. 

A  simple  typical  arrangement  of  transpositions  between  two 
telephone  circuits  in  a  short  balanced  section  is  indicated  in 
Pig.  23  in  which  similar  telephone  circuits  P  and  Q  are  divided 
into  fotir  sections  of  lengths  .4 ,  jB,  C  and  D  by  the  transpositions 
in  the  two  circuits.  The  resulting  induction  between  the  two 
circuits  in  this  section  is  the  simi  of  two  terms: 

a.  Unbalance  Due  to  Irregularity  in  Length.  As  this  is  a  short 
section  of  line,  one  may  consider  as  a  first  approximation  that 
the  current  and  voltage  in  the  inducing  circuit  P  are  the  same 
throughout  this  section.     Currents  induced  in  sections  B  and  D, 


.Z^I^t 


Pig.  23 

therefore,  tend  to  neutralize  currents  induced  in  sections  A  and 
C,  provided  the  length  A  +  C  is  equal  to  the  length  B  +  D. 
When  this  is  not  the  case  there  is  a  resultant  induced  current  in 
circuit  Q  due  to  irregularities  approximately  proportional  to  the 
J-esultant  unbalanced  length  A  —  B  +  C  —  D, 

b.  Type  Unbalance.  If  lengths  A,  B,  C  and  D  are  all  exactly 
equal  there  will  nevertheless  be  a  resultant  induced  current  in 
circuit  Q  because  of  the  fact  that  the  currents  and  voltages  in 
either  circuit  P  or  0  change  in  magnitude  and  phase  as  they  are 
propagated  along  the  circtiit. 

In  this  appendix  are  given  equations  illustrating  the  method  of 
computing  type  imbalance. 

If  P  is  a  section  of  a  long  telephone  circuit  the  cturent  and 
voltage  in  it  can  be  represented  by  equations  (23)  and  (24). 

/  =  /o  i5-«i  sin  (a>  / -  pi)  (23) 

£  =  £o  «-"^  sin  (a>  /  -  jS  /)  (24) 
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In  these  equations  a  and  jS  are  tHe  attenuation  constant  and  the 
phase-change  constant  of  the  telephone  circuit  and  of  coiirse 
vary  with  the  frequency  of  the  current. 

The  induced  current  in  a  short  element  of  circuit  a  distance  L 
from  the  end  of  the  circuit,  can  be  represented  as  equation  (26). 

dX  --  Kdl  «-«!  sin  (a>  /  -  jS  /)  (26) 

where  K  dl  is  the  induction  between  short  elements  at  the  end 
of  the  circuits  and  is  computed  with  the  help  of  equations  (4)  and 
(6)  for  theelectrcxragneticand  electrostatic  components.  (Ap- 
pendix A.)  This  induced  current  will  be  propagated  on  circuit 
Q  back  to  the  beginning  of  the  circuit  and  under  the  condition 
for  transmission  without  reflection,  that  is,  terminal  impedance 
equal  to  line  impedance,  will  have  when  it  reaches  the  beginning 
of  the  circuit,  the  value  given  in  equation  (26) 

dXo--  Kdle'^^sin{o)i-  2  fi I)  (26) 

A  similar  equation  can  be  written  for  each  element  of  the  cir- 
cuit. The  induction  due  to  length  A  is  obtained  by  integrating 
expression  (26)  for  the  length  between  zero  and  A  as  shown  in 
equation  (27) 


f' 


dle-^^  sin  (wt-  2  01)  (27) 


The  general  expression  for  this  integral  is  rather  complicated. 
In  practical  telephone  circuits,  however,  the  effect  of  the  attenua- 
tion in  the  short  section  of  circuit  between  successive  transposi- 
tions is  very  much  less  than  the  effect  of  the  change  in  phase 
angle.  Under  these  conditions  the  attenuation  can  be  neg- 
lected for  short  lengths  and  the  effective  value  of  the  expression 
(27)  reduces  to  that  given  in  equation  (28) 

X,  -  KA  -^BJ^/Ja  (28) 

Similarly,  the  crosstalk  at  the  end  of  the  circuit  due  to  section 
B  of  the  exposure  between  the  lines  can  if  jB  is  equal  in  length  to 
A  be  represented  as  in  equation  (29). 

X^^"  KA      ^'^A^    e-^  fT^'A  (29) 

In  practical  cases  the  ratio -^ is    practically    unity 
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and  the  exponential  expression  c  ^^  is  also  practically  unity. 
Under  these  conditions  the  induced  current  at  the  end  of  the 
circuit  caused  by  sections  A  and  B  of  the  parallel  can  be  repre- 
sented approximately  as  in  equation  (30). 

Jf  AB  =  2  X  ^  sin  j9  ^  /t/2-2  0A  (30) 

Similarly,  the  resultant  induction  in  circuit  Q  from  sections 
A,B,  C  and  D  can  be  represented  as  in  equation  (31) 

ATad  -  4ii:^  sin  pA  cos2  pA  /t/2-4  0A  (31) 

This  simple  example  corresponds  to  one  of  the  typical  arrange- 
ments of  transpositions,  namely,  that  denoted  by  M  in  Fig.  2. 
A  similar  equation  can  be  worked  out  for  each  typical  arrange- 
ment, and  ntmierical  values  worked  out  for  any  given  values  of 
j3  and  A . 

For  much  work  a  sufficiently  good  approximation  can  be 
made  in  the  formulas  for  type  unbalance  by  assuming  that 

sinn  fi  A  =  n  fi  A 
cos  n  P  A  =  1 

The  resulting  simple  formulas  give  an  easy  means  of  judging 
of  the  approximate  relative  effectiveness  of  different  arrange- 
naents.  They  are  given  for  different  typical  arrangements  under 
the  heading  Approximate  Formulas  in  Fig.  2.  When-X"  repre- 
sents the  phase  change  per  mile  these  formulas  represent  nu- 
merically the  type  unbalance  for  a  12.8  km.  (8  mile)  section. 
The  angles  of  the  type  unbalance  for  different  types  of  the  same 
length  4iffer  only  by  90  deg.  or  multiples  of  90  deg.,  and  these 
differences  only  are  indicated  in  the  approximate  formulas. 

The  type  imbalance  varies,  of  course,  with  the  frequency.  In 
the  design  of  telephone  transpositions  type  imbalances  are  com- 
puted for  a  frequency  found  to  represent  the  average  crosstalk 
effect. 

It  remains  to  point  out  the  relation  between  resultant  un- 
balance due  to  type  for  a  long  length  of  line  and  type  imbalance 
for  one  transposition  section.  Considering  current  of  a  single 
frequency,  the  ratio  between  these  two  for  N  sections  is 

1  _  U.u  (32) 

where  Lq  is  the  length  of  the  section. 
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Equation  (32)  assumes  that  the  wires  have  the  same  relative 
pin  positions  at  the  beginning  of  each  section  If  the  pin  posi- 
tions are  the  same  in  alternate  sections  and  the  opposite  in  suc- 
cessive sections  formula  (82)  becomes 

2siniSLo    ;,^-4.i:,  (88) 

For  a  large  number  of  sections,  and  for  the  attenuations  pre- 
vailing on  good  telephone  toll  lines  equations  (82)  and  (88)  be- 
come approximately 

1 


and 


2yLo 

sin  Iff  Lq 
2yLo 


(34) 


(36) 


Actually,  results  obtained  by  these  simple  formulas  must  be 
corrected  for  the  fact  that  the  telephone  current  is  a  compound 
of  currents  of  different  frequencies,  for  which  the  values  of  /3 
and  y  are  different.  In  the  case  of  loaded  lines  a  correction  can 
be  made  rather  simply.  The  change  in  phase  angle  from  one 
loading  section  to  another  is  large  and  varies  widely  for  different 
components  of  the  telephone  current.  Good  results  are  there- 
tore  obtained  by  assuming  that  the  effects  of  successive  sections 
add  together  by  a  root-sum-square  law.  The  resulting  ratio 
between  long  line  unbalance  and  type  unbalance  for  a  single 
section  is 


V. 


^    '  (36) 


1  _^-4aJU. 

Since  N  is  large  and  a  Lo  small,  this  becomes  approximately 

1 


2  VaLo 


(37) 


APPENDIX  D,    FORMULAS  FOR   TYPE  UNBALANCE  IN 
PHANTOMED  CIRCUITS 

Under  the  heading,  Phantom  Circuits,  in  the  paper  it  is  pointed 
out  that  the  use  of  phantoms  in  telephone  line  construction 
complicates  the  computation  of  type  unbalance  because  each 
traiisxx>sition  of  a  phantom  circuit  interchanges  the  pin  positions 
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of  its  two  side  circtiits  and,  therefore,  changes  the  coefficients  of 
induction  between  these  and  other  circuits. 

The  equations  for  computing  the  resultant  induction  per  sec- 
tion due  to  type  unbalance  are  given  below.  These  equations 
are  given  for  the  case  in  which  a  typical  arrangement  of  trans- 
positions is  associated  with  each  side  circuit  of  the  phantom 
independent  of  its  interchange  of  pin  positions  with  the  other  side 
circuit  of  the  phantom.  This  is  the  arrangement  which  has  been 
found  most  suitable  for  use  in  the  exposed  line  transposition 
system.  Transposition  systems  can  be  designed  with  a  typical 
arrangement  associated  with  the  wires  on  a  given  pair  of  pin 
positions.  With  this  arrangement,  each  side  circuit  of  the  phan- 
tom is  transposed  partly  in  accordance  with  one  typical  arrange- 
ment and  partly  in  accordance  with  another  as  it  changes  from 
one  pair  of  pin  positions  to  the  other  with  transpositions  of  the 
phantom  circuit.  Under  some  conditions,  this  arrangement  has 
advantages  in  the  economy  of  retransposing  non-phantomed  cir- 
cuits to  form  phantoms.  It  is  used  in  the  transposition  system 
which  is  standard  with  the  Bell  Telephone  Companies  for  non- 
exposed  lines. 

The  formulas  for  the  resultant  induction  per  section  due  to 
type- imbalance  are  as  follows: 

Suppose  two  circuits,  1  and  2,  to  be  combined  in  a  phantom  R 
and  two  circuits,  3  and  4,  to  be  combined  in  a  circuit  Q. 

Denote  by  T^  7*2,  Tr  ,  etc.,  the  type  unbalances  corresponding 
to  the  typical  arrangements  of  transpositions  on  circuits  1,2,  R, 
etc.  Further,  let  2Ci»,  2C2r,  etc.  represent  the  induction  per 
imit  untransposed  length  between  circuits  1  and  R,  between, 
circuits  2  and  R,  etc. 

For  Side  Circuit  to  Phantom  of  Which  it  is  a  Part. 

X^  =  STi^  +  DTi  (88) 

A^gE  =  5  TgR  -  Z>  T,  (89) 

Where  S  =     ^'^  +  ^"' 


TiR  represents  the  type  imbalance  for  the  typical  arrangement 
corresponding  to  the  relative  exposure  between  type  1  and  type 
R. 

r  K  is  similarly  defined 
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F(W  Side  Circuit  to  a  Non-phantomed  Circuit  or  a  Phantom 
Other  Than  its  Own, 

(*0) 
(41) 

When 


2 

The  nomenclature  is  the  same  as  before. 

T'lRQ  represents  the  type  unbalg^nce  corresponding  to  the  rela- 
tive exposure  between  the  arrangement  giving  unbalance  T^ 
and  typical  arrangement  Q. 

For  example,  if  circuit  1  is  transposed  to  Type  A 
«      le  a  up 

That  is,  TiaQ  is  in  this  case  the  type  factor  for  arrangement  O, 
which  is  obtained  by  combining  successively  types  A ,  F,  and  L. 
For  the  Two  Side  Circuits  of  a  Phantom 

Xit  =  Kit  Tit  (42) 
For  Side  Circuits  in  Two  Different  Phantoms 

Xiz  =  5  Tx,  +  D^  r.u  +  A  Tug  +  Dc  Tu.q  (43) 

XiA  ^  STu  +  Da  Titt  -  A  ri4Q  -  2>c  Ti,^^  (44) 

jr,4  =  5 r,4-  z^a  r,4«  -  A  r,4Q  +  Dc  r,4«Q  (46) 

X«   «   5  r„  -^    Pa  Ts,.    +  A  r„Q   -    /?.  Trng  (46) 

Where 

5  = 

/>.  = 


ii:u 

■irKu 

■irKu 

-\-Ku 

4 

JCii 

+  Kr, 

1  —  Kit 

-K„ 

4 

Ki, 

-Ku 

-X,4 

+  Ku 

4 

K» 

-Ku 

+  /!:,« 

-Kit 
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In  the  above  equations  the  nomenclature  is  as  before. 

TijRQ  denotes  the  type  unbalance  cotresponding  to  the  rela- 
tive exposure  between  the  types  giving  type  unbalances  of  T13 
and  Trq. 

The  D  terms  in  the  above  equations  are  generally  not  negligible 
compared  with  the  5  terms.  This  fact  requires  that  in  designing, 
for  example,  transpositions  between  side  circuits  in  two  different 
phantoms,  it  is  necessary  to  take  account  not  only  of  the  type 
unbalance  of  the  relative  exposure  between  the  two  circuits,  but 
also  of  type  unbalances  formed  by  building  up  combinations  of 
the  typical  arrangements  of  transpositions  on  the  two  side  cir- 
cuits and  on  the  phantoms  of  which  they  form  a  part. 
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Discussion  on  "Design  of  Transpositions  for  Parallel 
Telephone  and  Power  Circuits"  (Osborne).  Atlantic 
City.  N.  J..  June  27,  1918. 

V.  Karapetoff:  In  the  appendix,  Mr.  Osborne  uses  the 
expression  "mutual  impedance."  This  term  is  new  to  me, 
and  I  should  like  to  have  a  definition  of  it.  If  this  quantity  is 
equal  to  2  ir  /  times  the  mutual  inductance,  then  it  would 
seem  proper  to  call  it  "mutual  reactance,"  in  the  same  way 
in  which  the  usual  reactance  is  equal  to  2t/ times  the  co- 
e£Scient  of  sell  induction. 

It  is  also  pointed  out  that  the  ground  may  modify  this  co- 
efficient of  mutual  impedance  and  this  may  be  a  justification 
for  using  the  term  "impedance"  instead  of  "reactance,"  to 
indicate  that  it  is  composed  in  a  quadratic  relation  of  resistance 
and  reactance.  But  then  the  difficulty  arises  that  the  mutual 
impedance  seems  to  be  a  coefficient  which  characterizes  the 
two  circuits,  and  if  the  resistance  is  to  be  taken  into  account, 
it  is  not  clear  the  resistance  of  which  of  the  two  circuits  is  to  be 
used  in  the  expression  for  mutual  impedance.  Our  Standard- 
ization Rules  define  "mutual  impedance"  in  application  to 
telephone  work  but  I  am  not  sure  that  it  is  applicable  here.  I 
also  notice  that  another  author  (Mr.  Portescue)  in  a  paper 
presented  at  this  convention  uses  the  expression  "mutual 
impedance."  It  seems  to  me  that  we  ought  to  get  a  general 
definition  of  this  quantity,  and  introduce  it  into  the  Standard- 
ization Rules  so  that  there  may  be  no  doubt  about  its  mean- 
ing and  use. 

Charles  Fortescue:  In  the  event  of  a  power  company  having 
installed  a  transmission  line  without  transpositions,  what 
would  be  considered  the  ethical  arrangement  between  the  power 
company  and  the  telephone  company,  in  case  of  inductive 
interference?  If  transpositions  of  the  power  lines  are  deter- 
mined on  before  the  installation  is  made,  I  can  easily  see  that 
the  cost  would  be  a  very  small  item,  but  after  the  power  line 
has  been  installed  the  cost  of  transpositions  might  be  quite 
a  large  item,  and  I  should  think  it  would  be  a  case  for  a  com- 
promise between  the  telephone  company  and  the  power  company 
under  such  circiunstances. 

Another  condition  that  one  may  run  across  is,  quite  fre- 
quently the  power  transmission  line  is  not  symmetrically  de- 
signed. Of  course,  a  perfectly  symmetrical  three-phase  trans- 
mission line  would  have  lines  at  the  apexes  of  an  equilateral 
triangle,  but  quite  frequently  the  lines  are  equally  spaced  in 
the  horizontal  plane,  and  qtiite  frequently  they  are  unequally 
spaced,  depending  on  conditions  which  may  have  existed  before 
the  line  was  installed.  I  am  very  much  interested  in  this,  as 
it  happens  to  be  part  of  my  duty  to  look  into  these  cases  of  trouble 
which  arise,  from  such  causes  as  this,  and  they  are  sometimes 
very  difficult  to  adjust.  There  is  always  a  great  deal  of  con- 
troversy as  to  who  is  to  blame,  and  who  should  be  the  one  to 
correct  the  trouble. 
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I  might  refer  to  the  question  that  Prof.  Karapetoff  brings 
up.  I  have  myself  used  the  expression  "mutual  impedance" 
in  some  cases.  In  alternating-current  circuits  where  we  have 
currents  which  have  a  common  part  in  a  part  of  the  circuit, 
and  are  purely  mutually  inductive  in  other  parts  of  the  circuit, 
and  which  it  is  convenient  to  consider  separately,  the  expression 
"mutual  impedance'*  comes  in  very  handily,  and  is  a  very 
useful  quantity  to  use.  As  far  as  I  know,  it  has  never  been 
defined,  but  I  think  it  is  a  perfectly  definite  and  well  understood 
quantity,  and  it  is  commonly  used  among  telephone  engineers. 

A.  G.  Chapman:  Certain  experimental  data  relating  to 
mutual  interference  between  telephone  circuits  may  be  of  in- 
terest. Mr.  Osborne  shows  in  Fig.  2  of  this  paper  typical 
arrangements  of  transpositions  for  telephone  circuits  and  in 
Appendix  C  discusses  the  method  of  computing  approximately 
the  inductive  effects  between  two  telephone  circtdts  transposed 
in  accordance  with  any  two  of  these  arrangements.  It  is 
interesting  to  note  that  increasing  the  number  of  points  at 
which  one  circuit  and  not  the  other  is  transposed  may  increase 
rather  than  decrease  the  inductive  effects  between  the  two 
circuits.  For  example,  if  the  method  of  computation  outlined 
in  Appendix  C  is  followed,  the  N  exposure  shown  on  Fig.  2  will 
be  found  to  be  much  more  effective  against  the  mutual  inductive 
effects  commonly  termed  crosstalk  than  the  M  exposure,  al- 
though the  latter  type  of  transposition  arrangement  has  three 
transpositions  while  the  former  has  but  two.  The  reason  for 
this  is  clear  if  it  is  noted  that  the  second  half  of  the  M  exposure 
starts  out  with  the  wires  in  the  same  position  as  in  the  first 
half  and,  therefore,  the  inductive  effects  into  the  two  halves 
tend  to  add.  With  the  N  exposure  the  second  half  starts  out 
with  the  wires  reversed  and,  therefore,  the  inductive  effects 
into  the  two  halves  tend  to  subtract.  Extending  this  reason- 
ing further,  it  may  be  shown  that  the  A  exposure  having  15 
transpositions  is  less  effective  than  the  N  exposure  since  in  the 
case  of  the  former  the  small  inductive  effects  in  each  succes- 
sive eighth  of  the  length,  all  tend  to  add. 

In  order  to  check  the  theory  of  the  effect  of  different  arrange- 
ments of  transpositions  roughly  outlined  above,  tests  were  made 
of  the  relative  effectiveness  of  the  M,  N,  and  0  exposure  types. 
Fig.  1  shows  the  method  of  making  the  measurements.  A 
single-frequency  source  of  alternating  current  was  used  in  order 
to  facilitate  the  comparison  with  computed  values.  In  order 
to  get  the  effect  of  a  short  exposure  in  a  long  telephone  line, 
the  distant  ends  of  both  circuits  were  terminated  with  600-ohm 
non-inductive  resistances,  approximately  the  impedance  of  a 
long  circuit  of  the  construction  used  in  the  tests.  The  test  end 
of  the  disturbed  circuit  was  also  terminated  with  600  ohms 
resistance.  A  measured  amount  of  single-frequency  alternating 
current  was  sent  out  on  the  disturbing  telephone  circuit.  A 
sensitive  receiving  circuit  of  high  impedance  was  then  alternately 
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bridged  across  the  600-ohm  termination  at  the  test  end  of  the 
disturbed  circuit  and  across  a  comparison  circuit  which  impressed 
at  the  terminals  of  the  detector  a  known  voltage  of  the  same 
frejjuency  as  that  impressed  on  the  disttirbing  circuit.  By 
adjusting  the  voltage  of  the  comparison  circuit  and  listening 
to  the  sounds  heard  in  the  receiver  in  its  two  positions,  it  was 
possible  to  measure  the  voltage  impressed  by  the  disttirbiHg 
circuit  across  the  600-ohm  termination  of  the  disturbed  circuit. 
The  current  through  this  termination  could  then  be  readily 
computed. 

The  single-frequency  tests  were  made  on  two  adjacent  spec- 
ially transposed  No.  12  N.  B.  S.  gauge  pairs  in  a  40-wire  toll 
line.  The  inductive  effects  were  measured  in  a  transposition 
section  about  7  miles  (11.2  km.)  long.  The  transpositions  were 
carefully  located  so  that  the  crosstalk  would  be  due  principally 
to  type  imbalance  and  not  due  to  irregularities  in  wire  and  pole 

A.CMini-aiVmMlr 

Paif  11-12  PisturtHng  Line 


Pair  13-14  Di^uftidUne 


I  60(f  Tefintnatfon 


3 


600  Ohm 
Twminttlon 


Qltoi 
.001  hjH 


I  Sensativa  A.C.  Voltmetef  inyoMng 

I  Thermo-couple  and  0.aMicro~ammeter 

13 


A.C. 
Gen. 


Fig.  1 — Method  of  Measuring  Single-Frequency  Cross-Talk 

spacing  except  for  combinations  of  circuits  having  very  highly 
efficient  transposition  types. 

The  crosstalk  in, a  short  relatively  untransposed  length  was 
first  tested  and  then  the  crosstalk  in  a  length  of  about  7  miles 
for  the  three  exposure  types  was  measured.  By  conaparing 
the  latter  measurements  with  the  former  it  was  possible  to 
express  the  exposure  of  any  type  in  terms  of  an  equivalent 
untransposed  length.  The  following  table  shows  a  comparison 
between  the  eqtdvalent  untransposed  lengths  obtained  in  this 
manner  and  corresponding  values  computed  theoretically  from 
the  eqtiations  of  propagation  of  current  on  the  circuits.  Prom 
a  comparison  of  the  readings  of  different  observers  and  of  suc- 
cessive readings  of  the  same  observer,  it  was  estimated  that  the 
precision  of  observations  was  ordinarily  about  10  per  cent.  In 
the  case  of  the  N  exposure,  the  precision  was  much  less  since 
the  method  was  not  suitable  for  accurately  measuring  the  small 
amount  of  crosstalk  involved.     In  addition  the  effect  of  the 
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irregularities  would,  of  course*,  be  much  greater  in  connection 
with  this  exposure  since  the  crosstalk  due  to  the  type  imbalance 
is  very  small. 

M.  N  AND  O  EXPOSURE   TYPES 
Mbasurbd  Versus  Computbd  Values  of  Equivalent  Untransposbd  Lengths 


Type  exposure 

Frequencies  tested 

No.  of  readings 

Average  ratio 

measured  to 

computed 

Computed 

length  1000 

cycles 

0 

M 

N* 

840.  1.000  1.100 

840.  1.000  1.100 

1.000               2.000 

12 

12 

6 

0.88 
0.99 
0.42 

0 .  75    mi. 
0 .  38    mi. 
0.044  mi. 

or 
^     230  feet 

*  Measured  values  too  small  to  be  read  accurately. 

Fig.  2  shows  the  arrangements  of  transpositions  tested  and 
a  comparison  of  computed  and  measured  values  of  crosstalk 
for  1000  cycles.  It  should  be  noted  that  the  circuits  were  tested 
for  impedance,  insulation  and  direct-current  resistance  before 
making  ^any  measurements  to  insure  that  they  were  in  good 
condition.  The  measured  values  were  obtained  from  the  aver- 
ages of  two  sets  of  readings  each  involving  two  observers  and 
taJcen  on  different  days.  The  crosstalk  diagrams  on  Fig.  2 
show  the  effect  of  the  transpositions  in  combining  crosstalk 
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Fig.  2— Single-Frequency  (100-Cycle)  "Crosstalk"  Tests 

at  the  terminal  due  to  the  various  eighths  of  the  transposition 
section.  The  average  measured  valve  of  the  ratio  of  received 
to  disturbing  current  for  the  test  on  the  short  untransposed 
length,  that  is  iiT  ^  of  the  diagram,  was  725  millionths  while 
the  computed  value  was  770  milHonths. 

Certain  talking  tests  made  later  may  be  of  interest  since 
they  show  absence  of  crosstalk  between  circuits  having  an  N  ex- 
posure which,  as  previously  discussed,  is  a  relatively  efficient 
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transposition  type  compared  with  the  other  types  here  discussed. 
These  tests/ were  made  in  a  manner  similar  to  that  shown  in 
Pig.  .1  for  the  single-frequency  test,  with  the  difference  that  the 
ratio  between  the  received  and  disturbing  currents  was  measured 
by  shunting  off  a  known  fraction  of  the  disturbing  current  and 
comparing  it  with  the  received  current. 

Pig.  3  gives  data  on  the  telephone  lines  employed  in  these 
talking  tests.  As  indicated  about  28  miles  (45  km.)  of  a  toll 
line  was  transposed  by  means  of  four  E  sections.  The  circuits 
tested  had  an  N  exposure  in  each  transposition  section  and  had 
comparatively  large  coefficients  of  induction  between  them, 
thus  requiring  an  effective  transposition  arrangement.  Tests 
made  on  two  successive  days  indicated  that  the  energy  trans- 
ferred from  one  circuit  to  the  other  was  about  one  hundredth 
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Fig.  3— "Crosstalk"  Between  Adjacent  Phantom  Circuits  Having 
Type  "N"  Relative  Exposures  » 

of  a  millionth  of  that  transmitted  into  the  disturbing  circuit. 
About  this  amount  of  energy  transfer  was  estimated  due  to 
the  measured  small  irregularities  in  the  locations  of  the  trans- 
position poles.  The  energy  transfer  estimated  due  to  type 
unbalance  was  negligible  in  comparison. 

In  design  of  telephone  transposition  systems,  a  study  must 
be  made  of  the  minimum  separation  which  is  permissible  be- 
tw^  circuits  non-transposed  to  each  other.  It  is,  of  course, 
desirable  to  design  arrangements  of  transpositions  for  but  a  few 
crossarms  and  then  repeat  these  arrangements  on  the  lower 
^nns.  The  minimum  separation  between  similarly  located 
relatively  untransposed  circuits  on  the  first  and  lower  arms  is, 
therefore,  of  interest. 

In  Table  I  of  his  paper,  Mr.  Osborne  gives  a  table  of  the 
capacities  between  various  combinations  of  wires  and  between  the 
^es  and  ground  for  a  40-wire  pole  lead,  and  in  Appendix  A 
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discusses  the  method  of  computing  from  these  meastired  values, 
the  coefficients  of  electric  induction  between  the  various  circuit 
combinations.  In  order  to  study  the  question  of  the  repeti- 
tion of  a  transposition  system  on  the  lower  crossarms,  it  was 
necessary  to  make  similar  capacity  measurements  on  an  80-wire 
pole  lead.  The  lower  curve  of  Fig.  4  is  obtained  from  the  data 
of  these  tests  and  shows  the  variation  with  separation  of  the 
coefficients  of  electric  induction  between  a  phantom  on  the  end 
of  the  first  arm  and  similarly  located  phantom  circuits  on  lower 
arms.  The  magnetic  coefficients  of  induction  were  readily 
computed  from  the  known  conductor  spacings. 

H.  Mouradian:    It  may  possibly  further  the  understanding 
of  the  practical  significance  of  the  paper  if  I  should  state,  briefly, 


2nd       3rd        4th        5th        6th        7th        8th        9th       lOtti 

Fig.  4 — Electric  and  Magnetic  Coefficients  of  Induction  Between 
Phantom  Circuits  on  Pins  1  to  4  and  Phantoms  on  Corresponding 
Pins  on  Lower  Arms  with  Standard  10-Pin  Arms  Spaced  2  Feet  Apart 


some  of  my  own  experiences  in  the  matter  of  the  inductive 
interference  on  telephone  lines  in  connection  with  two  specific 
cases  of  exposure : 

(1)  In  the  first  case  of  exposure,  of  approximately  eight 
miles  (12.8  km.)  the  power  circuit  was  33,060-volt,  three-phase, 
star  grounded  neutral.  The  power  line  was  built  in  1905  or 
1906.  The  power  company  installed  on  this  eight-mile  stretch 
two  complete  barrels, — a  barrel  every  four  miles.  Special 
transpositions  were  also  installed  at  the  time,  one  special  trans- 
position on  each  telephone  toll  circuit  midway  between  every 
two  successive  cross-talk  transposition  points  on  the  telephone 
line  throughout  the  length  of  the  exposure.  These  two  systems 
of  transpositions,  one  on  the  power  circuits  and  the  other  on 
the  telephone  circuits,  were  not,  however,  co-ordinated.     The 
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result  was  that  the  telephone  circuits,  exposed  as  described 
above,  were  very  * 'noisy",  in  fact,  so  noisy  that  the  main  in- 
dustrial company  in  one  of  the  towns  served  by  the  telephone 
lines  actually  made  a  complaint  that,  if  the  telephone  company 
did  not  improve  its  service,  it  did  not  want  the  service.  The 
next  phase  in  the  history  of  this  case  brought  about  a  co- 
ordination of  the  telephone  transpositions.  The  situation  was 
further  improved  by  the  installation  of  two  special  telephone 
transpositions,  instead  of  one,  between  every  two  successive 
cross-talk  transposition  points.  The  noise  on  the  telephone 
circuits  diminished  and  was  found  not  to  exceed  200  to  300 
units  of  noise.  Then,  by  further  work  on  the  special  telephone 
transpositions,  with  a  view  to  locating  them  as  advantageously 
as  possible  with  due  regard  to  the  irregularities  in  the  exposure, 
the  noise  on  the  telephone  circuits  was  finally  reduced  to  approx- 
imately 60  to  70  tmits.  At  the  present  time  this  condition 
is  considered  satisfactory  from  the  standpoint  of  commercial 
operation. 

(2)  In  the  second  case  I  have  in  mind  a  direct  application 
was  made  of  one  of  the  systems  described  in  Mr.  Osborne's 
paper.  In  this  case  the  exposure  was  for  six  miles  (9.6  km.), 
the  separation  fairly  tmiform  at  50  ft.  (15.2  m.).  The  power 
circuits  were  three-phase,  23,000-volts,  delta.  The  telephone 
circuits  have  just  been  transposed  in  accordance  with  the 
system  described  on  Fig.  9  of  Mr.  Osborne's  paper.  Deter- 
minations of  the  amount  of  noise  were  made  before  and  after 
the  installation  of  the  special  transpositions  with  the  results 
summarized  in  the  following  table: 


NoiM  Reading!                                            1 

Distant  end  of  telephone 
line  open 

Telephone  station  at 
distant  end  of  telephone  line 

Before 

After 

Before 

After 

176 
775 

37 
112 

172 
887 

17 
37 

It  will  be  noted  from  the  above  table  that  a  material  reduction 
has  been  obtained  through  the  use  of  the  system  of  transposi- 
tions above  referred  to.  I  think  I  might  say,  in  closing,  that 
the  paper  discloses  several  important  practical  solutions  of  the 
rather  complex  problem  of  inductive  interference. 

H.  S.  Osborne:  Professor  Karapetoff  raises  a  question  about 
the  term  "mutual  impedance."  This  term  is  defined  in  Rule 
916  in  the  Telephone  Section  of  the  Standardization  Rules. 
The  definition  given  there  is  entirely  general,  and  as  Mr. 
Fortescue  points  out,  the  tenn  is  used  in  other  than  telephone 
work.  It  seems  that  the  term  is  a  valuable  one  and  that  it 
should  be  changed  in  the  Standardization  Rules  so  as  to  be 
given  there  its  more  general  application. 
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In  response  to  Mr.  Fortescue's  question  regarding  the  ethical 
arrangements  between  power  and  telephone  companies  in  the 
case  of  inductive  interference,  I  would  say  that  my  own  belief 
is  that,  in  general,  the  best  practise  reqtiires  that  when  either 
of  the  two  or  more  schemes  for  reducing  the  interference  is 
possible  that  one  should  be  selected  which  gives  the  least  total 
cost,  counting  up  costs  of  changes  in  both  the  power  circuits  and 
the  telephone  circuits.  Both  systems  are  run  for  the  benefit 
of  the  public  and  the  interest  of  the  public  would  seem  to  be 
best  conserved  by  the  application  of  this  principle  of  least  total 
cost.  This  principle  can  be  applied  independent  of  the  question 
of  the  equitable  distribution  of  expense  between  the  two  com- 
panies. 

Mr.  Fortescue  speaks  about  the  effect  of  the  configuration 
of  conductors  of  the  power  circuit.  The  triangular  arrangement 
of  wires  is  in  almost  every  case  materially  better  than  either  the 
horizontal  or  vertical  arrangement  in  limiting  the  external  field 
of  the  line.  A  great  deal  of  information  about  this  is  given  in 
the  forthcoming  book  of  Technical  Reports  of  the  Joiat  Com- 
mittee on  Inductive  Interference  in  California. 
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ENGINEERS  AND  THE  WAR 


BY  MAJOR  GENERAL  WILLIAM  M.  BLACK 
Chief  of  Engineers,  U.  S.  Army 


1  FEEL  some  diffidence  in  addressing  ydu  this  evening,  partly 
*  because,  although  I  might  have  qualified  as  an  electrical 
engineer  in  1880,  I  know  I  could  not  do  it  now,  and  then,  I  feel 
that  a  man  who  has  the  privilege  of  talking  to  a  number  of 
men  such  as  are  assembled  here  at  this  time  has  a  tremendous 
responsibility,  because  the  task  set  before  us  is  one  that 
has  been  unequalled  in  the  history  of  the  world.  We  represent 
a  creed,  not  only  in  our  living  but  in  our  Government,  which 
we  believe  is  necessary  for  the  salvation  of  this  world,  for 
bringing  to  this  earth  the  Kingdom  of  God. 

We  are  fighting  a  nation  that  has  a  creed  directly  opposite 
to  ours,  a  creed  that  leads  them  into  the  belief  that  Might  makes 
Right,  and  that  an3rthing  that  is  for  the  supposed  good  of  the 
State  is  Right.  This  attitude  has  led  the  people  of  that  nation 
to  break  every  law  that  humanity  has  made  for  the  amelioration 
of  the  horrors  of  war,  laws  that  have  gradually  grown  up 
through  the  ages.  These  laws  are  being  ruthlessly  sacrificed 
by  these  people  in  strict  accordance  with  the  creed  which 
they  hold.  That  creed  and  that  people  must  simply  be  swept 
from  off  the  face  of  the  earth,  and  that  is  the  task  that  we  have 
undiertaken. 

It  is  an  honor  to  be  privileged  to  address  you  on  a  subject 
of  such  importance  to  our  country,  the  duty  of  the  Engineers 
in  war.  Although  the  part  played  by  Engineers  in  this  war  is 
great  and  the  responsibilities  of  the  profession  are  correspond- 
ingly large,  this  war,  like  all  wars  in  the  past,  is  and  must  be  a 
war  carried  on  in  accordance  with  the  principles  of  the  art  of 
war,  which  are  tmchanging  and  which  have  been  recognized  and 
taught  ever  since  organized  armies  were  first  created. 

Do  you  realize  that  almost  the  only  absolutely  modem  method 
of  warfare  now  in  use  is  the  warfare  of  the  air?  The  invention 
of  submarines  was  made  during  the  American  Revolution,  and 
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submarines  were  used  successfully,  though  to  a  limited  extent, 
in  our  own  Civil  War.     Gas  and  flame  fighting  are  of  ancient 
origin.     Trench  fighting  is  hardly  better  known  today  than  it 
was  to  the  veterans  of  Grant  and  Lee,  of  Sherman  and  Johnson. 
The  advances  in  htunan  knowledge  have  caused  corresponding 
improvements  to  be  possible  in  the  weapons  of  warfare.    In- 
creased knowledge  of  chemistry  has  produced  more  powerful 
explosives  and  improved  methods  in  metallurgy  have  enabled 
these  explosives  to  be  utilized,  by  making  possible  heavier  and 
more  powerful  guns.     Improvements  in  the  means  of  transpor- 
tation have  enabled  larger  bodies  to  be  moved  more  quickly  and 
more  readily  and  to  be  subsisted  and  supplied  with  greater 
certainty.     The  telegraph,  the  telephone  and  the  wireless  have 
afforded  a  means  of  prompt  commtmication  and  have  enabled, 
larger  bodies  of  men  to  be  given  co-ordinated  action.    With  such 
changes,    battles    are    fought    on    the    same    principles    and 
won  or  lost  from  the  same  causes  as  in  the  time  of  Alexander 
the  Great.    This  war  has  been  called  a  people's  war  and  so  it  is 
in  the  sense  that  due  to  modem  facilities  the  entire  resources 
of  the  people  can  be  utilized  to  day  as  they  could  not  have 
been  utilized  in  the  days  of  old.     It  has  also  been  called  an 
Engineer's  war  because  in  the  quickness  of  movement  and  in 
the  works  necessitated  by  these  modem  inventions  the  services 
of  Engineers  become  more  conspicuous  and  perhaps  more  neces- 
sary than  in  the  past.    But  engineering  in  warfare  has  always 
been  essential  and  it  is  even  doubtful  whether  the  science  of 
engineering  does  not  owe  its  birth  to  the  works  of  war.     An 
Engineer  myself,  I  would  be  the  last  to  belittle  the  work  of  our 
profession.     It  is  a  matter  of  pride  that  the  men  of  our  pro- 
fession, due  to  the  nature  of  their  employment  in  time  of  peace, 
are,  of  all  the  civil  professions,  most  prepared  tQ  serve  the  country 
in  war,  but  to  serve  the  country  adequately  in  war,  the  Engineer 
must  add  to  his  peace  equipment  for  professional  work.     The 
profession  of  arms  is  a  profession  in  itself  and  it  is  the  profession 
which  deals  with  the  very  greatest  in  magnitude  of  all  the  en" 
deavors  of  men.    The  effective  use  of  an  army  which  is  properly 
constituted  exemplifies  the  best  that  men  can  do  in  organization, 
in  discipline  and  in  the  devotion  to  duty  which  causes  a  man  to 
regard  his  own  life  as  a  thing   of  small  moment  toward   the 
attainment  of  the  end  sought. 

There  would  be  a  great  amount  of  effort  saved  if  our  people 
recognised  more  clearly  the  existence  of  the  technicalities  of 
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the  profession  of  arms.  The  Government  in  Washington  is 
simply  deluged  with  suggestions  and  so-called  inventions  for 
the  winning  of  the  war.  The  records  show  that  about  98  per  cent 
of  all  of  these  are  without  military  value  and  that  time  and 
labor  have  been  thrown  away  by  men  eager  to  help,  but  entirely 
ignorant  of  the  history  and  conditions  of  warfare.    * 

An  example  with  which  some  of  you  are  familiar  is  the  elec- 
trical gtm.    For  years  the  possibility  of  such  a  weapon  has  been 
a  fascinating  line  of  study  to  electricians.    The  principle  of  the 
solenoid  is  the  germ.     If  a  series  of  solenoid  coils  were  to  be 
energized  and  de-energized  in  succession  sufficiently  and  rapidly, 
sach  a  series  ardtmd  a  tube  can  be  made  to  impart  a  movement 
of  translation  and  rotation  to  a  projectile.     But  practical  re- 
sults are  today  impossible.     A  six-inch  service  rifle  having  a 
length  of  20  feet,  fires  a  projectile  weighing  110  lb.  with  a  muzzle 
velocity  of  2600  ft.  per  sec,  or  in  other  words,  the  projectile 
leaves  the  muzzle  with  a  kinetic  energy  of  translation  of  116,500 
ft-lb.     This  energy  has  been  stored  in  the  projectile-during  its 
travel  through  the  bore  of  the  rifle,  or  say  in  l/65th  of  a  second. 
The  average  power  expended  has  therefore   been  at  the  rate 
of  7,607,500  ft-lb.  per  second  or  about  14,000  h.  p.  or  10,500 
kilowatts.    These  figures  are  simply  approximations  and  neglect 
entirely  the  power  required  for  imparting  velocity  of  rotation 
and  for  overcoming  the  friction  in  the  bore.     You  can  easily 
estimate  the  weight  and  dimension  of  the  generating  equipment 
which  would  be  required  for  even  a  moderately  powerful  gtm 
were  all  the  mechanical  and  electrical  problems  of  its  manu- 
facture solved,  and  making  due  allowance  for  the    short-load 
periods.     You  can  understand  the  impracticability  of  trans- 
porting the  electrical  plants  required  for  any  number  of  such 
guns,  and  the  impossibility  of  distributing  this  power  over  shell- 
swept  ground  to  guns  whose  position  must  be  constantly  shifted, 
and  which  must  be  put  in  action  on  a  few  seconds'  notice. 
I  think  that  you  will  agree  that  until  new  discoveries  give  a 
niuch  improved  method  of  storing  or  generating  electricity, 
smokeless  powder  will  continue  to  be  the  most  compact  and  con- 
venient form  of  stored  energy  for  guns. 

And  yet  there  has  been  a  good  deal  of  time  and  money  wasted 
in  trying  to  perfect  such  a  gun  by  men  whose  patriotism  is  un- 
doubted, and  whose  ignorance,  also,  is  undoubted.  In  other 
^ords,  if  a  man  has  an  invention  or  an  idea  of  an  invention, 
l>y  all  means  let  him  work  on  it,  but  before  he  goes  to  Wash- 
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ington  and  takes  up  the  time  of  men  busy  trying  to  devise  means 
to  beat  the  Boches,  let  him  make  sure  that  he  knows  the  condi- 
tions of  war  and  what  he  is  trying  to  do  to  meet  those  conditions, 
and  then  if  he  is  sure  of  the  means,  let  him  present  his  ideas 
and  inventions  to  the  people  in  Washington. 

We  want  all  we  can  get  and  want  the  best  we  can  get.  We 
want  the  inventive  power  of  our  country  if  it  can  be  exercised 
to  do  good. 

There  was  a  proposition  made  seriously  at  Washington  re- 
cently that  the  United  States  should  provide  a  fund,  of  I  do  not 
know  how  many  million  dollars,  and  make  a  Home  for  Inven- 
tors, where  any  one  who  thought  he  had  an  invention  would  be 
able  to  go,  and  work  it  out  at  the  public  expense;  and  recently, 
although  we  had  a  committee  of  experts  there  to  pass  upon 
these  inventions,  the  results  were  so  utterly  unsatisfactory  to 
the  inventors  that  they  came  in  a  perfect  horde  upon  the  Secre- 
tary of  the  Navy  and  the  Secretary  of  War,  so  much  so  that  they 
had  to  make  a  brand  new  committee  of  three  men,  who  could 
be  much  better  occupied,  to  go  ahead  and  do  this  same  thing; 
and  I  am  only  waiting  for  the  next  drive  of  inventors  to  show 
that  this  Committee  will  not  suit  them  one  particle  better  than 
the  old  one  did. 

In  addition,  without  doubt,  there  are  many  men  in  our  coun- 
try of  the  highest  patriotism  who  are  sore-hearted  because  they 
are  not  given  something  to  do  directly  toward  the  winning  of 
the  war.  They  do  not  understand,  that  some  condition  pecu- 
liar to  themselves,  possibly  age,  possibly  physical  condition, 
possibly  mere  ignorance  of  war  and  its  conditions,  compel  it 
that  the  bit  that  they  must  do  for  their  country  at  this  time  is 
to  continue  in  their  work  in  civil  life  and  do  their  part  in  keeping 
up  the  normal  life  of  the  country— in  itself  a  service  of  importance. 

The  part  which  Engineers  are  now  playing  in  the  war  is  a 
very  great  one.  The  records  of  the  American  Institute  of  Elec- 
trical Engineers  show  that  out  of  a  total  membership  of  9443, 
there  are  973  in  the  service,  or  10.3  per  cent  of  its  roster.  The 
American  Society  of  Civil  Engineers  with  8753  active  members 
has  14J^  per  cent  in  the  service.  The  American  Institute  of 
Mining  Engineers  10.4  per  cent,  and  the  American  Society  of 
Mechanical  Engineers  10.1  per  cent.  But  these  records  are 
not  complete.  At  the  outbreak  of  the  present  war  there  were 
in  the  Engineers  Corps  of  the  Regular  Army  about  300  officers 
and  approximately  3500  enlisted  men.    At  the  present  time, 
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there  are  about  8000  commissioned  officers  and  200,000  en- 
listed men,  made  up  of  men  formerly  engaged  in  works  of  an 
engineering  character.  It  is  probable  that  this  does  not  repre- 
sent much  more  than  one-half  of  the  number  of  the  profession 
now  serving  in  the  Army. 

Let  us  consider  the  nature  of  the  work  of  the  Engineer,  passing 
from  front  to  rear  of  the  Army. 

First  in  importance  is  the  work  of  the  sappers.  They  go  be- 
fore and  remove  obstacles,  clearing  away  obstructions,  building 
bridges  and  roads,  making  the  trench  systems  complete,  mining, 
providing  light,  water,  lines  for  supply  (light  railways  or  roads) 
and  military  mapping.  In  this  category  enter  practically  all  of  the 
branches  of  the  profession.  Further  to  the  rear  are  found  the  con- 
struction and  operation  of  railways ;  road  and  bridge  construction ; 
the  construction  of  veritable  towns  for  supply  depots,  with  all  their 
accessories,  drainage,  sewerage,  lighting  and  water  supply;  con- 
struction of  quarters  and  of  hospitals;  and  furthest  to  the  rear, 
the  construction  of  the  ports  of  debarkation  with  their  wharves 
storehouses,  railway  lines,  yards  and  shops,  all  with  their  sani- 
tary systems.  Separate  from  these  activities,  but  necessary 
for  their  supply,  are  the  Forestry  troops  who  turn  the  growing 
timber  into  lumber  of  the  dimensions  required  for  the  various 
services.  Locomotive  and  car  shop  troops  are  performing 
essential  services.  Topographic  Corps,  Sotmd  Ranging  Corps 
and  Camouflage  Corps  are  also  among  the  varied  activities  of 
the  Engineers. 

What  preparation  is  required  for  the  fulfillment  of  these  varied 
duties?  For  the  actual  technical  work  of  construction  or  in- 
stallation the  civil  training  of  the  Engineer  should  prove  suffi- 
cient when  the  plans  which  embody  the  military  features  have 
been  prepared,  or  when  the  military  technique  has  been  learned 
and  assimilated.  A  ftmdamental  of  this  military  technique  is 
that  the  time  element  is  to  be  considered  rather  than  money 
cost  and  that  the  work  must  be  done  with  whatever  materials 
are  available.  This  requires  clearness  of  conception  of  the 
results  required,  resourcefulness  and  organization — ^factors  also 
required  for  civil  work. 

As  stated  earlier,  due  to  the  very  small  numbers  of  the  per- 
sonnel of  the  Corps  of  Engineers  of  the  Regular  Army,  reliance 
had  to  be  placed  in  the  members  of  the  profession  in  civil  life. 
Confidence  in  their  devotion  to  country  and  in  their  ability  has 
not  been  misplaced.     The  restilts  already  accomplished  prove 
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this  fully.    Could  more  have  been  done?    Undoubtedly,  had  the 
profession  been  better  prepared  for  the  call. 

Will  you  permit  me  to  say  a  few  words  concerning  the  general 
training  of  our  Engineers,  based  on  a  professional  experience 
of  more  than  forty  years?  The  conviction  has  been  forced  upon 
me  that  in  educational  matters,  as  in  many  other  affairs  of  life, 
we  Americans  are  inclined  to  go  too  fast.  The  basis  for  any 
professional  career  where  the  highest  is  to  be  attained  must  be 
a  sound  general  education.  Does  anyone  of  you  regret  the  les- 
sons gained  in  your  own  experience?  Is  not  the  experience  of 
humanity  as  shown  in  properly  written  history  of  almost  equal 
value?  Would  Russia  now  be  in  the  sad  condition  existing  had 
her  people  known  that  the  experiments  she  is  trying  have  always 
resulted  disastrously?  Yet  is  history  thus  considered  in  an  ord- 
inary technical  course?  Again,  do  you  not  find  a  knowledge  of 
the  general  principles  of  law  and  of  the  special  rules  of  the  laws 
of  contracts  of  value?  Are  these  considered  essentials?  What 
is  the  handicap  of  an  Engineer  who  is  unable  to  express  his  ideas 
clearly  in  spoken  and  written  English?  Is  this  taught  thor- 
oughly in  our  technical  courses? 

It  goes  without  saying,  that  the  study  of  pure  and  applied 
mathematics  is  found  in  all  technical  courses.  But,  are  these 
subjects  well  grasped  before  their  application  in  special  techni- 
cal courses  is  studied?  Is  any  faculty  of  an  Engineer  of  greater 
value  than  the  ability  to  form  a  mental  picture  of  his  problems 
and  of  its  solution?  Yet  is  that  study  which  assists  most  in  this 
faculty — descriptive  geometry — properly  apprehended?  Is  there 
any  branch  of  the  profession  which  in  its  application  is  not 
based  on  a  knowledge  of  topographical  work,  on  a  knowledge 
of  construction  materials  and  of  how  these  should  be  used?  Is 
the  study  of  these  branches  of  civil  engineering  insisted  upon 
sufficiently  in  the  mechanical  and  electrical  courses?  In  effect 
wotild  not  our  professional  men  be  better  equipped  for  their 
civil  work  were  they  not  in  too  great  a  hurry  in  their  youth  to 
enter  directly  into  life's  combat?  Does  not  this  war  teach  that 
without  a  long  and  elaborate  preparation  down  to  the  last 
details,  an  attempted  "drive''  must  fail? 

These  remarks  apply  to  all  Engineers,  both  military  and 
civil.  In  the  rush  of  war  men  cannot  always  be  hand-picked 
for  special  jobs  and  frequently  it  becomes  necessary  for  an 
available  man  to  be  used  for  the  work  immediately  necessary, 
irrespective  of  his  previous  training.     In  this  supreme  test  of 
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humanity  the  best  man  is  he  who  is  prepared  to  meet  any  emer- 
gency— ^perhaps  not  in  the  most  finished  way — ^but  to  meet  it. 

There  are  things  that  the  engineers  in  this  country  can  do. 
If  they  do  know  enough  to  give  us  some  ideas  for  helping  along 
in  the  killing  of  Boches,  for  God's  sake  let  us  have  them.  If 
they  do  not,  what  they  can  do  is  to  help  the  supply  of  men  for 
the  winning  of  the  war.  We  are  now  short  of  oflScers  of 
Engineers,  very  short,  and  we  are  going  to  be  very  much  shorter. 
We  must  have  educated  engineers  for  this  work,  and  we  must 
not  only  have  the  men  for  the  line  work  of  the  army,  but  we 
must  have  mechanicians  and  artisans  and  laborers  for  the 
special  work. 

All  of  you  men  have  spheres  of  influence — do  your  best  in 
them,  and  if  you  can  be  used  otherwise,  and  the  problem  comes 
up  in  which  we  need  you,  you  may  be  sure  you  will  be  called 
upon.  There  is  this  problem  now,  the  supply  of  men,  in 
which  you  can  help,  either  by  your  own  personal  sacrifice,  in 
gomg  out,  or  by  influencing  others. 

Now  as  to  soldier  work.  The  movements  of  drill  and  the 
construction  methods  peculiarly  military  are  easily  learned.  The 
knowledge  of  the  art  of  war  which  will  enable  these  to  be  applied 
promptly  and  properly  is  more  difficult.  But  most  difficult  to 
acquire  is  the  peculiar  mental  discipline  which  makes  the  soldier. 
The  Army  is  a  huge  machine  which  must  work  co-ordinately 
m  all  of  its  parts.  That  competition,  which  in  civil  life  causes  one 
body  to  advance  further  and  faster  thaa  another,  is  out  of 
place  in  an  Army.  All  must  work  together  and  for  one  common 
end.  Each  man  must  so  subordinate  his  will  and  desire  to  the 
common  good  as  to  work  willingly  and  earnestly  in  the  sphere 
allotted  to  him.  This  does  not  mean  that  all  initiative  is  to  be 
suppressed.  On  the  contrary  each  man  must  use  his  initiative 
to  the  utmost,  but  in  his  own  allotted  sphere  of  action.  Each 
must  learn  to  obey  and  obey  from  the  heart.  Through  such 
obedience  comes  the  knowledge  of  how  to  command  when  com- 
mand becomes  a  duty.  All  of  this  is  hard  to  learn.  But  each 
man  who  is  called  upon  to  help  in  this  war  must  learn  it,  if  he 
would  help  effectively. 

By  aU  means  let  us  have  military  training  in  our  schools, 
but  let  it  be  true  military  training  and  not  tin  soldier  work. 

There  is  another  line  of  technical  military  knowledge  which 
must  also  be  studied  hard.  The  machinery  for  the  organization, 
trailing,  supply  and  leadership  of  troops;   the  methods  of  ob- 
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taining,  accotmting  for  and  issuing  supplies;  of  keeping  returns 
of  the  men;  and  the  channels  of  command  must  be  studied.  To 
civilians  in  general  this  is  wholly  unknown,  but  if  a  man  is  to 
be  of  service  in  the  Army,  it  must  be  learned  until  its  use  be- 
comes automatic. 

What  have  the  Engineers  done?  War  was  declared  April  6, 
1917.  By  the  middle  of  July,  nine  regiments  of  Rail- 
road Engineers  had  been  raised  and  organized  and  two 
had  actually  started  for  France.  In  each  regiment  were  two 
oflScers  of  the  Corps  of  Engineers  of  the  Regular  Army,  the 
Colonel  and  the  Regimental  Adjutant.  The  remaining  officers 
were  all  from  the  Engineer  Reserve  Corps,  some  receiving  their 
commissions  only  when  on  the  point  of  sailing.  Of  course,  few 
of  the  officers  had  had  any  previous  military  training  and  the 
tasks  of  organization  were  most  difficult.  Since  then,  there 
have  been  organized: 

Five  Corps  Regiments  consisting  of  Sapper,  Searchlight  and 
Sotmd  Ranging  troops;  43  Sapper  Regiments  and  trains;  2 
Mounted  Battalions  and  trains;  5  Ponton  Trains;  4  Inland 
Waterway  Companies;  40  Railway  Regiments  and  Battalions 
including  all  classes  of  Standard  Gage  and  Light  Railway  troops 
necessary  for  the  construction,  operation  and  maintenance  of 
railways;  1  Railway  Transportation  Corps;  1  Highway  Regi- 
ment; 1  Gas  and  Flame  Regiment;  1  Gas  Training  Service; 
5  Forestry  and  Auxiliary  Forestry  Regiments;  1  Surveying  and 
Printing  Battalion;  1  Military  Mapping  Service;  2  Supply 
and  Shop  Regiments;  1  Water  Supply  Regiment;  1  Quarry 
Regiment;  1  Mining  Regiment;  1  Electrical  and  Mechanical 
Regiment;  2  Crane  operating  Companies;  1  Camouflage  Bat- 
talion; 18  Truck  and  Auto  Companies  and  44  Depot  Detach- 
ments. 

The  greater  part  of  these  organizations  is  now  overseas. 
Some  are  serving  with  the  British  Army,  some  with  the  French, 
but  the  majority  is  with  our  own  troops,  in  service  both  at  the 
front  and  in  the  rear. 

I  wish  I  could  go  into  greater  detail  as  to  the  work  of  these 
Sotmd  Ranging  Corps,  because  it  comprises  some  new  elec- 
trical work  of  the  highest  character,  and  the  apparatus  for  it 
has  been  perfected  in  this  country.  We  took  the  best  devised 
at  the  beginning  of  the  war,  and  our  physicists  went  to  work 
and  have  made  marked  improvements.  Perhaps  you  do  not 
know  what  sound  ranging  is.    The  artillery  is  stationed  in  the 
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rear  of  the  line.  There  is  almost  no  direct  artillery  fire  any 
longer — ^that  is,  as  a  rule,  the  gun  is  fired  from  a  point  where  the 
target  cannot  be  seen  at  all.  The  first  thing  to  be  destroyed, 
invariably,  is  the  enemy's  artillery,  then  the  trenches  are  attacked. 
The  obstructions  of  wire  are  torn  to  pieces,  the  trenches 
themselves  are  practically  leveled,  and  after  that  is  done,  in  the 
assault,  there  is  what  is  tenned  the  barrage  fire.  That,  I  suppose 
you  know  means  a  fixed  or  slowly  moving  curtain  of  shells  dropped 
on  a  certain  given  line  and  through  which  passage  is  almost  im- 
practicable. 

On  both  sides  the  artillery  is  carefully  camouflaged  so  it 
cannot  be  seen  from  aeroplanes.  To  show  what  care  is  taken, 
even  the  tracks  that  are  made  in  taking  the  guns  to  the  front  are 
wiped  out,  the  guns  themselves  are  covered,  so  that  neither 
from  an  observation  balloon  nor  an  airplane  from  the  enemy's  line 
can  the  position  of  the  gun  be  seen,  and  in  order  that  the  flashes 
of  the  gun  cannot  be  located,  there  are  dummy  guns  placed  at 
intervals,  and  flashes  from  these  guns  made  by  electricity, 
so  that  the  position  of  the  real  guns  cannot  be  known. 

In  order  to  determine  the  position  of  the  real  guns,  there  are 
delicate  instruments  which  have  been  devised,  which  are  placed 
at  intervals  along  the  line.  These  instruments  are  for  the  pur- 
pose of  roistering-  the  sotmd  of  the  gun.  There  is,  first  of  all 
the  sound  of  the  gun  in  firing.  That  is  preceded  frequently,  if 
the  range  be  great,  by  the  sound  of  the  shell  passing  through 
the  air,  and  sometimes  by  the  bursting  of  the  shell  itself,  before 
the  sotmd  of  the  gun  comes.  These  are  all  recorded,  and  the 
velocity  and  the  direction  of  the  sotmd  is  known.  By  having 
these  instruments  at  different  points  on  the  line,  the  position  of 
any  one  gtm  can  be  "spotted,"  and  "spotted"  so  closely  that 
our  own  artillery  fire  can  be  directed  and  the  gun  blotted  Out. 
That  is  one  of  the  improvements  of  modem  warfare  rendered 
possible  by  the  advance  in  general  htmian  knowledge,  particu- 
larly in  electrical  knowledge,and  these  instruments  are  very  exact. 

This  service  of  the  rear  is  of  great  importance  and  magnitude. 
Picture  to  yourselves  what  is  required  to  transport,  house,  supply 
and  maintain  a  million  men  three  thousand  miles  from  home, 
producing  nothing  and  in  their  work  expending  enormous 
amounts  of  materials. 

Taking  the  question  of  storage  alone,  the  provision  of  space 
required  for  an  army  of  1,000,000  for  ninety  days  aggregates 
20,000,000  square  feet  of  floor  space  of  covered  storage  and 
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double  that  amount  of  uncovered  storage  space,  with  the  neces- 
sary railway  tracks  for  receipt  and  shipment  and  for  classifica- 
tion yards,  aggregating  about  650  miles.  Add  to  this  an  equal 
mileage  of  highways,  adequate  provision  for  water  supply,  sewer- 
age and  electric  lighting  and  power  and  you  can  realize  the 
work  involved  in  this  one  item.  Add  to  this  the  constructions 
which  have  been  built  at  the  Ports  of  debarkation  (at  one  of 
which  375,000  square  feet  of  wharf  space  had  to  be  provided), 
the  hospitals,  barracks,  shops,  and  the  lighting,  water  and  sewer- 
age systems  required,  and  some  conception  of  the  actual  new 
construction  work  done,  can  be  formed. 

It  is  estimated  that  the  supply  of  the  army  requires  the 
transportation  to  the  front  of  25  lb.  per  man  per  day.  This 
makes  heavy  demands  on  the  French  railway  systems,  good  as 
they  are.  These  have  had  to  be  supplemented  in  all  but  the 
main  line  trackage,  and  a  large  amotmt  of  motive  power  and 
of  rolling  stock  has  had  to  be  supplied  and  operated. 

Among  the  special  services,  the  work  of  the  Geologists  must  be 
mentioned,  and  in  the  line  of  improved  apparatus,  it  may  be 
stated  that  new  instruments  and  methods  for  airplane  photo- 
graphy have  been  devised  and  introduced.  Other  new  aux- 
iliary aids  for  fighting  have  been  worked  out,  some  of  which 
have  already  proved  their  value  on  the  battle  field. 

Yes,  the  Engineers  are  doing  their  work  well.  Be  it  in  con- 
structions in  the  rear,  or  under  fire,  be  it  in  the  transportation 
of  ammimition  to  the  firing  line,  the  construction  of  strong 
points  and  obstacles,  the  construction  and  destruction  of  bridges 
in  the  face  of  an  enemy,  or  as  in  recent  instances,  under  the  feet 
of  the  enemy,  or  be  it  with  their  rifles  in  beating  back  an  attack, 
they  are  doing  and  dying.  All  glory  to  our  Comrades  in  arms  in 
France!  There  is  not  a  red-blooded  American  who  does  not 
envy  them. 

But  is  there  not  a  war  duty  for  us  also,  for  us  who 
are  held  on  this  side  of  the  ocean.?  Yes,  tmdoubtedly.  To 
some  is  allotted  a  task  in  supply,  to  some  a  task  in  manufacture, 
to  some  a  task  in  organization.  But  that  is  not  all.  The  life 
of  the  nation  must  go  on.  Her  civil  machinery  must  ftmction 
imdisturbed.  With  so  many  called  away  from  these  civil  duties, 
the  onus  of  the  work  will  be  the  heavier  for  those  who  are 
left.  Let  us  each  then  do  his  bit  as  and  where  it  presents  itself 
knowing  that  if  each  does  his  best,  with  love  of  cotmtry  and 
forgetfulness  of  self  as  guides,  the  results  are  sure. 
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Gentlemen,  I  have  been  in  the  front  line  trenches,  and  a  more 
abominable  place  for  a  man  to  be  in,  apart  from  any  enemy, 
you  can  hardly  imagine.  It  is  raining  there  much  of  the  time. 
The  mud  is  up  to  your  ankles,  even  though  the  trench  be  drained 
and  the  best  attempt  made  to  keep  the  drainage  in  good  con- 
dition. The  men  at  the  front  are  distant  from  their  supports, 
and  they  are  scattered,  maybe  a  dozen  at  a  place,  directly  in 
the  face  of  the  enemy,  and  they  have  to  stay  there,  and  have 
to  be  prepared  to  resist  any  attack  that  comes,  with  a  certain 
knowledge  that  should  the  attack  come  in  force,  or  should  a 
real  earnest  effort  be  made  to  take  the  line,  they  in  the  front 
line  are  almost  sure  to  perish,  and  they  are  not  minding 
it.  They  are  staying  there  in  the  face,  not  of  possible  death, 
but  in  the  face  sometimes  of  almost  certain  death.  They  are 
doing  their  work,  and  our  engineers  have  the  most  dangerous 
part  of  that  work  to  do. 

You  remember  in  that  first  British  drive  to  Cambrai, 
the  Boches  got  in  the  rear  of  the  firing  line.  They  struck  a 
part  of  one  of  otir  Engineer  Railway  Regiments,  building  light 
railways  to  the  front  to  bring  up  ammimition.  These  men 
had  not  their  arms  with  them.  All  they  could  do  was  to 
scatter  and  get  in  shell  holes,  and  as  soon  as  the  Boches  went  by 
to  rally  and  go  back,  and  take  the  arms  thrown  down  by  the 
wounded  or  dead,  and  then  pass  over,  and  they  formed  their 
part  of  the  line  and  did  their  share  of  the  fighting. 

The  evening  of  the  great  drive,  I  had  the  honor  of  dining 
with  Sir  Charles  Douglas  Haig.  He  then  told  me  of  one  of  the 
battalions  of  the  Sixth  Engineers,  which  had,  been  with  the 
British  about  six  weeks,  and  in  that  time  they  had  built  twenty 
bridges  with  spans,  ranging  from  16  to  60  feet,  and  he  spoke  of  the 
wonderful  work  they  had  been  doing.  Two  days  afterward 
these  men  took  their  place  and  held  about  a  mile  of  the  British 
line,  and  held  it  so  that  the  Boches  could  not  get  through. 

The  same  happened  with  one  of  the  railway  regiments, 
again  caught  in  the  same  way,  and  they  formed  a  part  of  that 
miscellaneous  army  that  Gen.  Carey  got  together  of  the  sup- 
posedly non-combatant  troops,  and  the  line  which  they  formed 
prevented  the  capture  of  Amiens.  They  held  the  Germans. 
There,  again,  the  engineers  played  their  part  valiantly. 

Just  two  days  ago  a  cablegram  came  across  from  the  other 
side,  about  one  of  the  companies.  Company  C,  I  think,  of  the 
First  Regiment,  which  had  been  ordered  to  do  particularly 
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dangerotis  work  in  the  neighborhood  of  the  Mame.  As  they 
started  out,  two  of  the  officers  were  killed  at  once,  but  the  rest 
went  on  and  did  what  they  were  ordered  to  do. 

Then  again,  you  have  noted  that  when  the  Germans  got  down 
to  the  Mame  and  were  crossing  a  bridge,  some  of  the  engineers 
waited  until  the  head  of  the  Germans  had  gotten  completely 
across  the  bridge,  which  was  filled  with  the  Germans,  and  they 
blew  up  the  bridge,  and  those  who  got  there  wished  they  had  not. 

Our  men  are  doing  their  work  on  the  other  side  wonder- 
fully, and  those  are  our  brothers  in  the  profession  who  have 
gone  over  and  now  wear  the  uniform. 

(General  Black  then  exhibited  some  moving  pictures  showing 
the  organization  of  the  Engineers  and  how  they  do  some  of 
their  work,  and  finally  some  of  the  work  that  they  have  al- 
ready accomplished  in  France,  after  which  he  added) : 

In  landing  in  France,  you  are  struck  at  once  by  the  ntmiber 
of  maimed  men  you  see  on  the  street  and  by  the  women  in  black, 
and  then,  as  you  get  to  know  them,  you  will  see  that  these 
people  are  from  their  suffering  simply  the  more  determined  to 
carry  this  war  through  to  a  successful  finish.  The  same 
thing  is  true  in  England.  You  are  struck  by  the  grim  determina- 
tion to  win  success  at  whatever  cost.  There,  due  to  a  difference 
of  temperament,  things  are  taken  somewhat  differently.  I  was 
at  a  tea  in  England,  and  was  presented  to  an  English  woman 
of  title.  She  was  gowned  just  as  any  woman  would  be  for  an 
afternoon  reception.  In  speaking  to  her  I  mentioned  I  had 
two  boys  in  France.  She  said,  "I  did  have  four,  I  have  only 
two  now,"  and  then  seeing  me  look  a  little  startled,  she  said, 
'*You  know  we  feel  our  private  griefs  must  not  be  allowed 
to  show,  that  we  must  not  wear  mourning,  that  we  must  go 
ahead  with  our  ordinary  duties  and  try  to  keep  up  the  social 
life." 

We  have  only  just  begun  to  fight.  We  have  not  begun 
to  suffer.  If  you  were  there,  and  could  see  what  these  people 
have  done,  and  what  they  are  prepared  to  do,  and  then  feel 
as  you  would  feel,  how  completely  they  trust  us  to  bring  this 
war  to  a  successful  finish,  you  would  feel,  too,  that  it  is  up  to 
us  to  equal  them  in  endurance,  equal  them  in  sacrifice,  and  to 
see  that  freedom,  individual  freedom,  is  preserved  for  all  time 
in  this  world.    I  thank  you  very  much. 
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ELECTRIC  POWER  FOR  NITROGEN  FIXATION 


BY  E.  KILBURN  SCOTT 


Abstract  op  Papbr 

Reference  is  made  to  propaganda  against  processes  for  making 
nitrates  from  air  by  those  interested  in  keeping  the  Allies  depend- 
ant on  supplies  of  nitrate  from  Chili. 

A  tabular  comparison  is  made  of  the  operations  involved  in  the 
indirect  method  and  the  direct  method  of  fixing  nitrogen.  The 
indirect  method  involves  the  manufacture  of  carbide  of  calcium 
and  its  combination  with  nitrogen  to  form  calcium  cyanimid, 
from  which  ammonia  and  in  turn  nitric  add  are  obtained.  The 
direct  method  merely  consists  in  combining  nitrogen  and  oxygen 
of  the  air  in  the  electric  arc. 

In  the  direct  method  electric  energy  is  the  only  factor,  where- 
as by  the  indirect  much  plant  of  a  very  diverse  and  complicated 
character  is  required.  Also  there  are  difficulties  in  connection 
with  the  platinum  catalyst  necessary  to  convert  ammonia  into 
nitnc  acid.  It  is  claimed  that  the  direct  method  is  better  be- 
cause of  the  simplicity  of  plant  and  of  operation,  and  the  possi- 
bility of  working  with  off  peak  power.  The  suggestion  is  made 
that  a  number  of  plants  for  making  nitrates  by  the  direct  arc 
process  should  be  erected  at  existing  power  houses.  Keeping  the 

?;enerating  plant  more  fully  employed  would  improve  the  load 
actor  and  reduce  costs. 

By  making  nitrate  in  a  number  of  centers  the  transportation 
of  same  to  the  explosive  factories  would  be  reduced  and  the 
risk  of  interruption  of  supplies  in  case  of  accident  or  sabotage 
would  be  less  than  in  hatnng  a  few  very  large  factories. 

A  diagram  is  given  showing  the  layout  of  a  battery  of  by- 
product coke  ovens  with  an  electric  power  house  worked  by  the 
surplus  gas  and  a  nitrate  from  air  plant  to  use  the  electncity. 
Figures  are  given  showing  that  the  nitric  add  made  by  such  a 
plant  is  about  the  right  amount  to  combine  with  the  ammonia 
to  form  ammonium  nitrate,  a  compound  in  great  demand  at  the 
present  time  for  explosives. 


ONE  of  the  most  powerful  combinations  in  the  world  is  that 
connected  with  the  exploitation  of  Chile  Nitrates,  and  to 
extend  the  uses  of  that  material  and  regulate  prices,  etc.,  there 
is  a  Chile  Nitrate  Committee  supported  by  the  various  interests 
concerned. 

It  was  created  for  propaganda  work  amongst  farmers  and 
others,  to  facilitate  the  use  of  nitrate  as  a  fertilizer  but  since  the 
advent  of  air  nitrates  some  attention  has  been  given  to  discredit- 
ing the  methods  of  fixing  nitrogen  from  air.  This  has  been 
done  partly  by  paragraphs  in  the  press  throwing  doubt  on  the 
financial  and  technical  success  of  such  methods,  etc.    German 
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influence,  working  through  political  clubs  and  the  press,  also 
assisted  the  Chile  nitrate  propaganda  while  at  the  same  time 
German  scientists  were  being  assisted  in  every  possible  way 
to  develop  air  nitrate  processes  in  their  own  country. 

Years  before  the  war,  some  of  us  saw  that  the  question  of 
supplies  of  Chile  nitrate  for  the  manufacture  of  explosives  would 
be  an  important  factor,  and  in  1911,  at  the  Portsmouth  meeting 
of  the  British  Association,  and  later  at  a  meeting  of  the  Society 
of  Arts  in  London,  I  sounded  a  note  of  warning. 

Immediately  after  the  war  started,  the  German  govenunent 
appointed  an  electrical  engineer,  head  of  the  AUgemeine  Elek- 
tricitats  Gesellschaft,  to  expedite  the  manufacture  of  explosives- 
Air  nitrate  plants  already  in  operation  were  greatly  extended, 
and  new  nitrate  plants  and  the  power  houses  necessary  to  supply 
them  with  electricity,  were  put  in  hand.  One  such  power  house 
built  early  in  the  war  at  Bitterfeld,  develops  185,000  kv-a. 
from  lignite  coal. 

Even  after  three  and  a  half  years  of  war,  the  Allies  still  remain 
practically  dependent  for  explosives  on  supplies  which  have  to 
be  brought  thousands  of  miles  across  the  sea  from  a  foreign 
country. 

So  far  as  Great  Britain  is  concerned  this  policy  of  dependance 
on  supplies  from  oversea,  appears  to  have  been  dictated  by  the 
Ministers  of  munitions,  two  of  whom  have  been  lawyer  politi- 
cians, and  one  a  doctor  of  medicine,  ^hey  were  probably  acting 
partly  on  the  advice  of  the  head  of  the  department  of  explosives 
supplies,  also  a  member  of  the  legal  profession. 

Considering  how  much  this  is  an  engineer's  war,  and  how 
expert  are  the  men  in  charge  of  the  departments  in  Germany 
which  handle  such  matters,  does  it  not  seem  absurd  that  any  of 
the  technical  affairs  on  the  Allied  side  should  depend  on  persons 
whose  particular  ability  in  life  is  to  make  speeches  that  catch 
the  popular  vote. 

The  transportation  of  Chili  nitrate  requires  much  shipping 
that  might  be  used  for  other  purposes  and  also  occupies  attention 
on  the  part  of  the  Navy,  in  order  to  keep  open  the  sea  routes* 
In  1917  the  nitrate  imported  to  United  States  from  Chili  amoun- 
ted to  1,742,540  tons  (see  figures  of  Imported  Supplies  given 
toward  the  end  of  paper)  and  presumably  at  least  as  much 
more  would  go  direct  to  Europe  from  Chili.  The  average 
export  taken  over  every  day  in  the  year  is  at  least  10,000  tons, 
and  as  a  round  trip  is  about  three  months,  an  easy  calculation 
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shows  that  about  1,000,000  tons  of  shipping  valued  at  $150,000,- 
000.  is  tied  up  in  this  Chili  nitrate  carrying  trade. 

Huge  sums  have  also  to  be  paid  for  the  nitrate,  and  to  shippers 
and  brokers  for  transportation,  insurance,  etc.  On  the  other 
hand  by  being  independent  of  Chili,  the  Germans  have  kept 
their  money  at  consequent  financial  and  economic  advantage  to 
the  country. 

With  the  right  men  at  the  head  of  affairs,  possessing  expert 
first  hand  knowledge  of  the  engineering  and  chemical  problems 
mvolved,  the  Allies  could  have  become  equally  independent  of 
Chili  and  much  money  and  man  power  which  have  been  absorbed 
in  building  obsolete  chemical  and  other  plants  would  have  been 


To  their  credit,  certain  scientists  and  engineers  of  this  coun- 
try not  only  saw  the  danger,  but  insisted  on  the  authorities 
taking  action  by  providing  money  to  establish  plants  for  the 
manufacture  of  nitrates. 

At  the  same  time,  in  this  country  as  well  as  in  England,  there 
has  been  time  lost,  owing  to  certain  parties  maneuvering  to  ob- 
tain the  adoption  of  their  own  process  to  the  exclusion  of  others. 
In  so  large  a  field  as  nitrogen  fixation  there  must  necessarily 
arise  numerous  improvements  in  the  various  processes  so  that  it 
is  not  possible  today  for  anyone  to  gBge  or  forecast  their  future 
relative  economic  values. 

This  is  particttlarly  the  case  with  processes  in  which  electrical 
energy  plays  a  leading  part  for  it  is  a  sort  of  ingrained  habit 
of  the  electrical  engineer  to  simplify  and  revolutionize  existing 
methods  that  they  eventually  become  essentially  electrical. 
The  whole  history  of  electrical  progress,  and  especially  of  electro- 
chemistry and  metallurgy  establishes  that  fact. 

Investigation  boards  or  committees  dealing  with  nitrate 
problems  should  be  largely  made  up  of  engineers  who  have  ex- 
pert first  hand  knowledge  of  electric  power  conditions  and  of 
apparatus,  etc.  It  is  not  right  that  chemists  should  have 
practically  sole  power  to  pass  upon  processes  in  a  field  which 
electrical  engineering  is  capturing  so  completely  as  the  pro- 
duction of  nitrates. 

I  feel  that  the  merits  of  the  arc  flame  process  for  making  nitric 
acid  have  not  been  adequately  and  sympathetically  considered, 
and  this  paper  is  written  with  the  special  object  of  stating  them. 
I  wish  also  to  remove  the  misconception  that  the  arc  flame  pro- 
cess is  dependent  on  water  power  and  that  it  can  only  be  in- 


Digitized  by  VjOOQ IC 


960  SCOTT:  NITROGEN  FIXATION  [June  27 

Stalled  ecx>nomically  on  a  very  large  scale.  The  matter  is  one 
of  special  interest  to  electrical  engineers  especially  those  con- 
cerned with  the  production  and  supply  of  electrical  energy. 

Methods  of  Making  Nitric  Acid 

Atmospheric  nitrogen  can  be  fixed  either  as  nitric  acid  or  as 
ammonia.  The  first  named  forms  a  basis  of  all  explosives , 
whilst  anamonia  is  used  for  one  explosive  viz.  ammonium  nitrate 
and  for  that  purpose  it  must  be  combined  with  nitric  acid. 

The  only  way  to  make  nitric  acid  direct  from  the  air  is  to 
combine  the  nitrogen  and  oxygen  of  the  air  in  the  electric  arc, 
and  then  combine  the  nitrous  gases  so  produced  with  water  to 
form  acid.     Owing  to  its  simplicity  this  is  called  the  direct  method. 

To  make  ammonia  from  atmosphere  nitrogen  the  most  straight- 
forward method  is  the  S3mthetic  which  has  been  adopted  at 
Nitrate  Plant  I  at  Sheffield,  Ala.  By  this  method  pure  nitrogen 
and  pure  hydrogen  are  raised  to  a  high  pressure  and  temperature 
and  in  the  presence  of  a  catalyst  they  combine  to  form  ammonia. 

Another  method  called  the  indirect  is  used  at  Nitrate  Plant  II 
at  Sheffield  and  briefly  this  is  to  make  carbide  of  calcium  and 
treat  it  with  nitrogen  to  form  calcitun  cyanamid,  the  cyanamid 
being  then  acted  on  by  steam  to  produce  ammonia. 

Having  obtained  the  ammonia  it  has  now  to  be  made  into 
nitric  acid,  and  this  is  done  by  the  catalytic  process  of  Prof. 
Ostwald  using  platinum  as  the  catalyst.  The  method  adopted 
at  ShefiSeld,  Ala.  is  to  take  about  half  the  ammonia  produced, 
and  convert  it  into  nitric  acid  and  then  combine  this  acid  with 
the  remainder  of  the  ammonia  to  form  ammonitun  nitrate. 
Clearly  this  makes  just  half  the  quantity  of  ammonitmi  nitrate 
that  would  be  possible,  if  all  the  ammonia  was  to  be  combined 
with  nitric  acid  made  in  some  other  way,  as  for  example  by  the 
direct  arc  process. 

For  some  considerable  time  there  has  been  great  shortage  of 
ammonia,  and  therefore,  to  use  any  of  it  as  raw  material  for 
another  nitrogen  compound — nitric  acid — seems  short-sighted 
policy. 

The  unit  value  of  nitrogen  in  ammonia,  is  just  as  high  as  the 
imit  value  of  nitrogen  in  nitric  acid,  so  it  is  economically  and 
financially  unsotmd  to  at  any  time  make  nitric  acid  f;:om  am- 
monia as  a  raw  material.  For  this  reason  it  is  impossible  for  the 
manufacture  of  nitric  acid  via  cyanamid  and  ammonia  to  compete 
under  normal  conditions  with  other  methods. 
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Those  interested  in  the  indirect  method  have  drawn  compari- 
sons between  it  and  the  direct  electric  arc  process,  with  the  ob- 
ject of  showing  that  the  indirect  is  the  better.  A  tabular  state- 
ment of  all  the  operations  involved  in  the  two  processes  as  given 
below  IS  the  best  way  to  make  the  comparison. 


Indirect  Method  Em- 
ploying Calcium  Cyana- 
mid  to  Make  Ammonia  and 
Oxidising  the  Ammonia  to 
Add  by  a  Catalyst 


Direct     Method     Em- 
ploying  the   Arc   Flame 
Furnace  Only 


Factories  1.  To  make  calcium  car-     1.  To  make   nitric  acidi 

bide. 

2.  To  make  cyanamid. 

3.  To  make  nitric  acid. 
Operations                   1.  Burning  limestone.  1 


2.  Grinding  lime. 

3-  Grinding   coke    or  an- 
thracite. 

4.  Mixing   lime   and    car- 

bon in  correct  propor- 
tions. 

5.  Making     calcium     car- 

bide in  electric  fur- 
naces. 

6.  Grinding      carbide     to 

fine  powder  in  neutral 
atmospheres. 

7.  Making     liquid  air    to 

produce  pure  nitrogen. 

8.  Packing    calcium    car- 

bide into  retorts. 

9.  Making    calcium   cyan- 

amid  by  adding 
nitrogen  and  by  heat  of 
electric  resistors. 

10.  Emptying        cyanamid 

from  retorts. 

11.  Grinding   cyanamid   to 

a  fine  powder. 

12.  Hydrating  cyanamid  to 

nd  it  of  unchanged 
carbide. 

13.  Superheated  steam. 

14.  Treatment    of    cyana- 

mid with  steam  in 
autoclaves  to  produce 
ammonia. 

15.  Cooling    the    ammonia 

and  elimination  of 
water. 


Blowing  air  through 
electric  arc  flame  to 
produce  nitrous  gases. 
Absorption  of  gases  in 
towers  to  produce  acid. 
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Raw  Materials 
and  Renewals 


16.  Oxidation  of  ammonia 

to  produce  weak  nit- 
rous gases  by  means  of 
platinum  catalyst. 

17.  Absorption  of  gases  in 

towers  to  produce 
acid. 

Indirect  Method 

1.  Lime. 

2.  Coke. 

3.  Carbon     electrodes    in 

carbide  furnaces. 

4.  Carbon  resistors  in  cy- 

anamid  retorts. 

5.  Pure  nitrogen. 

6.  Superheat^  steam. 

7.  Air. 

8.  Water. 


Direct  Method 

1.  Air. 

2.  Water. 

3.  Metal  electrodes. 


Electric  Energy  for  1.  Carbide  furnaces. 
2.  Grinding  carbide, 

4! 
6. 
6. 


1.  Arc  flame  furnaces. 


Skilled  Labor  for  1. 
2. 
3. 
4. 
6. 
6. 
7. 
8. 


Cyanamid  retorts. 
Grinding  cyanamid. 
Heating  catalyst. 
Motors  for  power,  etc., 

including       several 

cranes. 

Carbide   furnaces 
Cyanamid  retorts. 
Packing  cyanamid. 
Grinding  machinery. 
Making  pure  nitrogen. 
Making  ammonia. 
Catalytic  process. 
Absorption  plant. 


1.  Arc  flame  furnaces. 

2.  Absorption  plant. 


It  is  frequently  stated  that  the  amount  of  electric  energy  re- 
quired for  a  given  quantity  of  nitric  acid  produced  by  the  indirect 
process,  is  less  than  that  required  by  the  direct,  and  this  is  put 
forward  as  a  strong  argument  in  favor  of  the  indirect  method. 
Clearly,  however,  the  only  way  to  compare  two  methods  is  to 
take  into  account  all  the  factors  which  go  to  make  up  the  total 
cost,  and  appraise  them  all  at  their  proper  values. 

If  two  processes  are  to  be  compared  as  regards  one  factor 
only,  then  it  may  with  equal  justice  be  claimed  that  the  electric 
energy  represented  by  a  few  motors  and  lights  required  for  a 
plant  making  acid  from  sodium  nitrate,  is  less  than  the  electric 
energy  required  by  all  other  processes  for  making  acid.  Such  a 
statement  does  not  prove  anything,  and  yet  it  is  similar  to  the 
one  put  forward  by  the  advocates  of  the  indirect  process. 

Even  when  comparisons  are  made  on  an  energy  basis,  they 
are  useless,  unless  all  forms  of  energy  are  included.  For  example, 
the  steam  for  the  autoclaves  of  the  indirect  process  has  to  be  at 
150  lb.  per  sq.  inch  superheated  to  350  deg.  fahr.  and  this  requires 
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considerable  heat  energy  in  the  form  of  burning  coal.  Steam  is 
also  required  for  evaporation  of  water  from  the  products  of  the 
end  process,  and  for  the  distilled  water  for  the  acid  absorption 
towers.  The  heat  energy  required  for  these  various  purposes 
should  therefore  be  added  to  the  electric  energy  taken  by  car- 
bide furnaces,  the  cyanamid  retorts,  and  for  heating  the  catalysts. 

On  the  other  hand,  the  direct  arc  process  raises  its  own  steam, 
from  heat  of  the  hot  gases  coming  from  the  furnace.  This  steam 
is  sufficient  for  the  end  process  and  for  distilled  water  and  also 
under  certain  circtunstances,  may  be  used  for  generating  electric 
power,  so  that  the  process  can  work  regeneratively.  At  the 
Norwegian  plant  at  Rjukan  II,  for  example,  there  are  three 
4000  kw.  steam  tiu^bo-generators,  generating  electricity  with 
steam  raised  by  the  furnace  gases. 

The  energy  which  can  be  regenerated  in  this  way  may  be  over 
15  per  cent,  and  this  should  of  course,  be  deducted  from  the 
total  electric  energy  measured  into  the  furnace,  when  estimating 
the  energy  used  for  a  given  yield. 

Obviously  the  cost  of  plant  using  the  indirect  method,  will  be 
very  much  greater  than  that  in  the  case  of  the  direct,  for  if  we  as- 
simie  that  the  cost  of  a  carbide  furnace  and  its  accessories  is 
about  the  same  as  that  of  an  air  nitrate  furnace  with  its  ac- 
cessories, then,  the  indirect  process  embraces  in  addition: 

1.  A  complete  plant  for  making  cyanamid. 

2.  A  liquid  air  plant  for  making  pure  nitrogen. 

3.  Powerful   machinery  for  grinding  the  carbide   and  the 

cyanamid. 

4.  Steam  boilers  and  autoclaves  for  making  ammonia. 

5.  A  complete  catalytic  plant  for  oxidizing  the  ammonia  to 

nitric  acid. 

In  the  indirect  method  it  is  essential  to  have  all  the  materials, 
gases,  etc.,  absolutely  pure,  for  example  at  the  cyanamid  works 
at  Odda  in  Norway  it  was  necessary  to  carry  a  pipe  up  the 
mountain  side  so  as  to  ensure  a  supply  of  pure  air  to  the  liquid 
air  plant. 

When  carbide  is  converted  into  cyanamid  some  of  the  former 
remains  unchanged  and  in  order  to  obviate  danger  of  explosion 
a  special  treatment  of  the  mixture  is  necessary  to  ensure  a  total 
decomposition  of  the  remaining  carbide. 

To  convert  ammonia  into  nitric  acid  a  catalyst  is  employed 
and  this  usually  takes  the  form  of  a  net  of  platinum  wire,  the 
surface  of  the  wire  being  covered  with  finely  divided  platinum 
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black.  The  catalyst  is  readily  poisoned  by  impurities  in  the 
gases  etc. ,  when  the  yield  then  falls  considerably.  The  process  is 
therefore  a  very  delicate  one  and  requires  much  skill  to  operate 
successfully.  To  "reactivate"  the  metal,  it  is  necessary  to 
subject  it  to  an  acid  treatment  and  eventually  to  remelt,  in 
which  process  it  is  impossible  to  avoid  loss  of  this  expensive 
metal. 

Russia  is  almost  the  sole  source  of  platinum,  and  whilst  our 
Ally,  could  be  depended  upon.  Today  with  Germany  practically 
controlling  that  country,  the  position  is  serious.  The  various 
allied  Governments  have  had  to  commandeer  platinum  as  it  is 
essential  for  several  war  piuposes.  With  utmost  deliberation  and 
foresight  the  Germans  are  working  to  control  the  worlds  store- 
house of  platinum  in  the  Ural  Mountains  and  any  processes 
which  depend  upon  this  rare  metal  are  going  to  be  very  seriously 
handicapped.  I  consider  that  those  who  have  had  a  hand  in 
starting  new  processes  dependent  on  platinum  are  very  blame- 
worthy. Non-technical  politicians  could  not  be  expected  to 
know  these  things  but  those  who  did  know  should  have  informed 
them. 

By  the  direct  method  the  cost  of  air  is  nil,  and  the  cost  of  water 
is  practically  that  of  pumping.  On  the  other  hand,  the  materials 
required  in  the  indirect  method  are  very  expensive  and  especially 
difficult  to  obtain  at  the  present  time.  Over  three  foxirths  of 
the  cost  of  working  the  indirect  process  is  represented  in  materials 
liable  to  price  fluctuation.  These  are  now  much  higher  than 
before  the  war,  and  will  remain  at  the  higher  level  after  the  war. 

In  the  direct  method  less  than  one-fifth  of  the  total  cost  is 
represented  in  materials  dependent  on  market  rates,  and  the 
principal  item  of  cost,  namely  electric  power,  will,  if  anything, 
tend  to  come  down  in  price. 

The  direct  method  is  very  simple  to  operate,  whilst  the  in-t 
direct  requires  much  skilled  and  unskilled  labor,  and  some  of 
the  operations  are  dangerous  to  health.  Therefore,  the  more 
labor  demands  increase,  the  more  will  the  indirect  method  be 
handicapped  in  this  respect.  There  are  many  separate  links 
involving  exact  operating,  to  make  the  whole  run  smoothly  and 
the  slightest  hitch  in  connection  with  any  one  link  necessarily 
holds  up  the  whole  system. 

The  manufacture  of  cyanamid  has  to  be  carried  out  in  retorts 
of  relatively  small  size  involving  much  labor  to  set  up,  etc.  This 
is  to  enable  the  nitrogen  gas  to  penetrate  to  all  parts  of  the  con- 
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tained  carbide.  The  times  of  the  reaction  and  the  cooling 
down,  etc.,  are  definitely  fixed  and  it  is  qtdte  impossible  to  work 
the  process  with  off-peak  power;  also  should  there  be  an  acci- 
dent or  failure  of  current  for  a  time,  the  cyanamid  retorts  and 
the  carbide  furnaces  may  be  injured. 

All  nitrate  processes  have  a  military  bearing  as  regards  pre- 
paredness, in  which  is  involved  the  question  of  transportation. 
The  heavy  and  bulky  raw  materials  necessary  for  the  indirect 
process  places  it  at  a  serious  disadvantage  from  this  point  of 
view,  especially  at  the  present  time  when  the  railways  are  so 
congested.  With  the  direct  process  there  is  no  carriage  of  raw 
materials. 

The  indirect  process  has  been  strongly  advocated  in  that 
after  the  war,  cyanamid  will  be  much  used  as  a  fertilizer.  On 
the  other  hand  a  large  ntmiber  of  objections  have  been  voiced 
against  such  use,  as  witness  the  following  extract  from  a  book 
by  Dr.  Brion:  "Cyanamid  cannot  be  used  with  a  large  number 
of  soils  such  as  very  sandy  or  moor  soils,  or  with  such  soils  as 
tend  to  become  acid.  Further  it  cannot  be  used  for  growing 
tobacco  nor  for  some  kinds  of  fodder.  It  is  useless  as  a  top 
dressing  and  can  be  applied  only  in  dry  weather  when  it  must  be 
plowed  in  at  once.  Cyanamid  attacks  the  eyes  of  men  handling 
it." 

Whilst  some  of  these  objections  may  have  been  overcome  by 
making  the  cyanamid  granular  and  probably  also  some  of  them 
are  over-emphasized,  it  still  remains  true  that  cyanamid  is  by  no 
means  as  good  a  fertilizer  as  nitrate. 

The  eflFect  of  the  calcium  in  calcium  cyanamid  in  the  presence 
of  moisture  is  to  cause  the  reversion  of  phosphoric  acid  and  there- 
fore it  can  only  be  used  in  limited  quantities  in  a  combined 
fertilizer. 

In  a  legal  action  in  the  State  of  Maine  between  the  Armour 
Fertilizer  worlcs  and  Ellis  Logan,  in  April,  1916,  there  was 
expert  testimony  that  calcixmi  cyanamid  destroyed  a  crop  of 
potatoes  and  that  not  more  than  60  to  70  lb.  of  it  should  be 
used  per  ton  of  fertilizer. 

Electric  Power 
As  a  basis  load  for  a  power  house  the  direct  arc  process  presents 
the  advantage  that  it  can  be  established  anywhere,  because  the 
raw  materials  being  only  air  and  water,  considerations  of  trans- 
portation do  not  enter  into  the  situation. 
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It  is  particularly  suitable  for  off-peak  or  off-season  loads,  for 
there  is  no  fused  material  to  solidify,  and  little  to  deteriorate  in 
case  of  stoppage.  Some  of  the  furnaces  can  be  switched  on  and 
off  like  an  arc  lamp,  without  detriment  to  brickwork  or  structural 
details,  or  to  the  process  of  manufactiu-e. 

As  there  seems  to  be  some  doubt  as  to  the  possibility  of  running 
arc  fiuTiaces  intermittently  on  a  commercial  scale,  I  would 
mention  that  about  seven  years  ago  a  nitric  acid  factory  was  built 
at  Legnano,  Italy  to  utilize  10,000  horse  power,  especially  dur- 
ing the  night  (see  Utilization  of  Atmospheric  Nitrogen  by  T.  H. 
Norton  p.  68).  Of  course  this  plant  has  been  considerably  ex- 
tended, especially  since  the  war.  I  am  also  credibly  informed 
that  in  Germany  there  is  a  very  large  arc  process  plant  working 
with  off-peak  power.  At  any  rate  there  is  no  difficulty  in  doing 
it,  whereas  it  is  impossible  to  work  intermittently  with  any  other 
method  of  fixing  atmospheric  introgen. 

In  some  ways,  it  is  an  advantage  to  run  a  plant  for  8000  or 
less  hours  per  year,  instead  of  the  full  ntmiber,  because  the 
spare  time  can  be  conveniently  used  for  renewals  and  repairs. 
Less  spare  plant  is  thus  required  and  the  plant  can  be  operated 
by  two  shifts  of  men. 

Because  the  plants  in  Norway  are  very  large  and  only  use 
hydroelectric  power,  a  mjrthology  has  grown  up,  that  the  arc 
flame  process  can  only  be  worked  commercially  on  a  very  large 
scale,  and  with  water  power.  It  is,  however,  worth  while  to  build 
plants  in  imits  to  utilize  10,000  kw. 

As  a  matter  of  fact  hydroelectric  power  may  be  a  disadvantage 
because  of  its  distance  from  industrial  centers,  for  either  the 
factory  has  to  be  placed  in  an  out  of  the  way  position,  or  else 
the  power  has  to  be  transmitted  over  a  long  transmission  line. 
I  am  of  the  opinion  that  electrochemical  factories  should  be 
placed  near  the  power  supply,  and  the  ideal  position  is  alongside 
the  power  house  especially  if  off-peak  power  is  tfsed. 

In  a  national  emergency  it  is  surely  better  to  bring  into  im- 
mediate use  all  the  surplus  equipment  that  already  exists,  than 
to  start  building  new  power  houses,  whether  hydraulic  or  steam, 
and  seeing  that  the  direct-arc  flame  process  is  suitable  for  work- 
ing with  off-peak  power,  I  suggest  that  a  number  of  nitrate 
plants  be  forthwith  erected  at  existing  power  houses. 

By  erecting  say,  ten  or  more  nitrate  plants  of  say  10,000  kw. 
each  at  power  houses  near  places  where  nitrates  are  required, 
there  would  be  great  saving  in  transportation   and  early  de- 


Digitized  by  VjOOQ IC 


1918]  SCOTT:  NITROGEN  FIXATION  967 

liveries  of  nitrate  could  be  made.  Further  there  would  be  less 
risk  of  temporary  interruption  of  supplies  in  case  of  accident  or 
sabotage. 

As  a  matter  of  fact  there  are  power  houses  which  could  easily 
spare  more  than  10,000  kw.  for  over  20  hours  a  day  and  through 
the  week  end.  Also  there  are  power  houses  fully  equipped  with 
steam  plant  now  standing  idle  which  in  the  present  crisis  they  ^ 
might  just  as  well  be  brought  into  use  even  if  the  cost  of 
generation  is  high. 

To  give  an  idea  of  plant  available,  the  following  particulars 
o!  power  houses  will  be  of  interest:  From  the  existing  plants  in 
New  York  City,  Mr.  F.  Hedley  has  recently  estimated  that 
about  115,000  kw.  of  off  peak  power  might  be  supplied.  In 
Chicago  the  existing  power  houses  have  a  capacity  of  470,000 
kw.  with  additional  42,000  kw.  now  being  installed.  The 
maximum  peak  load  of  December  26,  1917  was  290,000  kw. 
for  only  half  an  hour,  and  by  shutting  off  heaters  on  the  surface 
and  elevated  cars  during  this  short  period,  the  engineers  estima- 
ted that  at  least  90,000  kw.  would  be  available. 

There  is  no  doubt  that  by  restricting  what  may  be  called  the 
luxurious  uses  of  electricity,  a  considerable  amount  of  generating 
plant  in  various  parts  of  the  country  can  be  released  for  urgent 
war  purposes,  and  this  can  be  done  without  much  increasing  the 
coal  consumption.     There  are  also,  the  water  power  plants. 

I  was  in  Birmingham,  England  when  for  some  months  the 
street  car  service  was  stopped  every  day  for  between  meal  times, 
in  order  to  save  coal.  The  people  readily  adapted  themselves  to 
the  conditions  and  the  extra  walking  did  the  business  people 
good  whilst  lack  of  street  cars  in  the  afternoon  kept  the  women 
at  home  who  were  not  engaged  in  war  work. 

In  the  numerous  coal  fed  power  houses  of  this  country,  a  very 
large  amount  of  fuel  is  wasted  by  having  to  keep  the  fires  banked 
in  the  boilers  during  the  valley  periods  of  the  load.  Therefore 
there  would  be  considerable  saving  by  linking  such  stations  to 
an  industrial  process  which  depends  essentially  on  the  utilization 
of  electric  energy,  and  the  furnaces  of  which  can  be  started  and 
stopped  with  the  facility  of  switching  on  and  off  an  arc  lamp. 

The  direct  arc  process  fills  these  conditions  perfectly,  and  it  is 
the  only  chemical  or  metallurgical  process  which  can  be  utilized 
easily  with  oflf-peak  power.  It  takes  the  alternating  current 
exactly  as  generated,  for  the  furnaces  can  be  built  to  utilize 
voltages  generally  available.     There  is  no  fused  material  to 
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become  frozen  when  current  is  shut  off  as  in  the  case  of  carbide 
of  calcium  furnaces,  steel  furnaces,  etc. 

Some  electrolytic  processes  may  be  run  intermittently  but  they 
require  direct  current,  and  therefore  there  is  great  additional 
cost  for  transforming  machinery  etc. 

Hitherto  power  station  managers,  have  been  content  to  merely 
supply  electric  energy  and  have  taken  little  interest  in  the 
purposes  for  which  the  energy  was  used,  at  any  rate  from  a 
financial  point  of  view.  The  time  seems  to  have  arrived  when 
this  policy  should  be  changed,  and  every  power  house,  shotdd 
have  its  own  base  load  factory  to  utilize  off  peak  power.  I  know 
of  no  better  form  of  such  load,  than  the  manufacture  of  nitrates 
from  the  air  by  the  direct  arc  process. 

By  filling  in  the  valleys  the  load  factor  is  much  improved  and 
this  would  have  the  immediate  effect  of  reducing  costs.  There 
has,  however,  been  too  much  consideration  given  to  ques- 
tions of  cost.  With  U-boats  on  the  high  seas  trjring  to  stop 
supplies  of  Chile  nitrate,  the  railways  congested  with  traffic  and 
electrical  works  engaged  in  making  munitions,  it  is  of  little  use 
discussing  power  costs.  The  thing  to  do  is  to  make  full  use  of 
plants  already  installed. 

Recently  much  has  been  heard  of  the  suitability  of  Muscles 
Shoals,  Alabama  as  a  site  for  the  manufacture  of  nitrates  be- 
cause of  the  water  power  which  is  to  be  developed  there,  but  it 
will  take  at  least  four  years  to  complete  the  hydraulic  works. 
In  the  meantime  a  large  steam  power  house  is  being  built  in 
order  that  the  cynamid  process  may  be  put  in  to  early  operation. 
This  includes  a  60,000-kw.  turbo  generator  and  should  any- 
thing happen  to  it,  the  nitrate  plant  would  be  stopped  as  the 
various  steps  of  the  indirect  cyanamid  process  are  so  inter- 
locked. 

Viewed  from  this  standpoint  it  would  seem  to  be  better  in 
every  way  to  have  the  manufacture  of  indispensable  materials 
for  explosives  manufactured  in  a  ntmiber  of  smaller  plants,  in 
widespread  centers  and  by  other  processes,  than  the  indirect  or 
cyanamid  method. 

Coke  Oven  and  Nitrate  Plants 

At  the  present  time  ammonium  nitrate  is  required  in  very 

large  quantities  for  burster  charges  for  shells,  torpedoes,  mines 

grenades,  etc.    This  is  made  from  two  components,  viz.,  nitric 

acid  and  ammonia,  both  of  which  are  difficult  to  transport,  the 


Digitized  by  VjOOQ IC 


1918] 


SCOTT:  NITROGEN  FIXATION 


first  because  it  is  a  corrosive  acid  and  the  second  because  in 
every  ton  of  aqua  ammonia  there  are  about  2}  tons  of  water. 

An  industrial  plant  capable  of  furnishing  electric  energy  as 
well  as  a  supply  of  ammonia  would  be  ideal,  and  it  so  happens 
that  this  is  the  case  with  a  regenerative  coke  oven  plant.  Half 
the  total  gas  made  is  available  and  this  can  be  easily  turned  into 
electric  energy  whilst  at  the  same  time  the  nitrogen  contained  in 
the  coal  provides  about  the  right  amount  of  ammonia  necessary 
to  combine  with  the  nitric-acid  made  from  the  electric  energy 
by  the  arc  flame  process. 

In  order  to  show  how  ideal  such  a  system  is  for  making  am- 
monia nitrate,  I  have  prepared  following  diagram. 
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DiAGKAM  Layout  op  Nitkatb  pkom  Aik  Plant  with  Elbcteic 
PowBH  HousB  Using  Coke  Oven  Gas 

The  scheme  provides  for  a  combination  of  a  battery  of  coke 
ovens  with  an  ammonia  recovery  plant  together  with  an  electric 
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power  house  In  order  to  utilize  the  stirplus  gas.  Alongside  the 
power  house,  there  is  an  electrochemical  plant  for  the  manu- 
facture of  nitric  acid  from  air  by  utilizing  the  three-phase  high- 
tension  current.  A  nitrate  house  is  provided  for  the  purpose 
of  combining  the  ammonia  from  the  coke  ovens  with  the  nitric 
acid  from  the  elctrochemical  plant. 

It  happens  that  the  by-product  of  the  acid  factory  is  sodiimi 
nitrate-nitrite,  which  is  made  by  combining  the  gases  remaining 
from  the  acid  towers  with  caustic  soda  or  soda  ash.  Electro- 
lytic cells  may  be  laid  down  as  shown  in  the  diagram  for  purpose 
of  making  caustic  alkali  from  brine. 

It  will  thus  be  seen  that  the  complete  project  reqtiires  only 
two  raw  materials  viz.,  coal  and  brine,  and  on  the  other  hand, 
the  products  which  can  be  made  are  coke  and  ammonium 
nitrate  together  with  toluol,  benzol,  naptha,  tar  and  sodium 
nitrate-nitrite. 

If  electrolytic  cells  are  used  there  are  also  the  products  chlorine 
and  bleaching  powder.  The  chlorine  can  be  combined  with  the 
benzol  to  form  chloro-benzol  which  is  an  important  inter- 
mediate in  the  manufacture  of  dye-stuffs  as  well  as  in  the  manu- 
facture of  picric  acid. 

Tri-nitrotoluol  or  T.  N.  T.  is  a  combination  of  nitric  acid  and 
toluol  and  it  will  be  noted  that  the  plant  supplies  both  these. 

From  the  point  of  view  of  efficient  management,  and  of 
elimination  of  transportation  charges,  the  combination  is  unique, 
for  the  ammonia  has  only  to  be  piped  a  few  yards  to  the  nitrate 
house  and  there  is  no  carriage  of  acid. 

As  a  cheap  supply  of  coal  is  indispensable  for  the  project,  it 
would  be  well  to  locate  the  plants  at  industrial  centers  where 
this  raw  material  is  readily  available  and  which  in  all  probability 
would  be  locations  where  transportation  charges  are  low. 

In  order  to  show  what  can  be  done  with  a  coke  oven  plant, 
the  following  particulars  will  be  of  interest.  I  take  a  Koppers 
type  of  oven  as  being  the  better  known,  but  the  figures  have 
general  application. 

Tons  Hours 

Quality  of  Coal  per  charge  coking  time 

Low  volatile  coal 13  H  18 

Mixture   containing   80   per   cent 
high   volatile  20   per  cent  low 

volatile 12H  16J4 

High  volatile  coal 11 H  15 


Digitized  by  VjOOQ IC 


1918]  SCOTT:  NITROGEN  FIXATION  971 

A  battery  of  ovens  varies  in  size  but  we  may  as  well  take  a 
round  number  of  100  for  which  the  average  yields  are  as  follows: 

Number  of  ovens 100 

Tons  of  coal  per  oven 12^ 

Hours  coking  time 16 

Total  yield  of  coke 72  per  cent 

Yield  small  coal  and  breeze 6  per  cent 

Net  yield  good  coke 67  per  cent 

Ammonium  sulphate  per  ton  of  coal 25  lb. 

Reckoned  as  ammonia  per  ton  of  coal 6  J^  lb. 

Tar  per  ton  of  coal 9  gal. 

Light  oil  per  ton  of  coal 3  gal. 

Total  gas  per  ton,  of  coal 11,000  cu.  ft. 

British  thermal  units 650  per  cu.  ft. 

Surplus  gas 55  per  cent 

Surplus  gas  per  ton  of  coal 6,000  cu.  ft. 

Such  a  battery  of  ovens,  each  of  which  distils  12i  tons  of 
coal  in  16  hours,  will  deal  with 

100  X  12.5  X  24       ,  ^^  ^  , 

rs =  1,900  tons  per  day 

lo 

Assuming  6000  cu.  ft.  of  surplus  gas  per  ton  of  coal  and  550 
B.t.u.    per  cu.  ft.  the  total  heat  value  per  hour  will  be 

1900  X  ^  X  550  ^  260.000.000  B.t.u. 

If  employed  in  gas  engines  using  13,000  B.t.u.    per   h.p-hr. 
the  power  will  be 

260,000,000  «n  AAA   U  t  ^    AAA   1 

^3  0^       =  20,000  h.  p.,  or  say,  14,000  kw. 

If  steam  boilers  and  turbines  are  used  instead  of  gas  engines 
the  power  will  be  less,  so  to  be  on  the  safe  side,  we  will  take  the 
round  figure  of  10,000  kw. 

'^^e  wll  also  assume  that  electric  furnaces  utilizing  10,000  kw. 
for  a-  whole  year,  can  produce  6,300  tons  of  100  per  cent  acid. 
jvji-tric  acid  capable  of  furnishing  theoretically  8000  tons  of  am- 
j^^^itiin  nitrate  as  indicated  below: — 

NHa  +  HNOs  -  NH4NOJ 
Molecular  weights  17  63  80 

In  short  tons  1700       6300  8000 
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Allowing  25  lbs.  of  sulphate  of  ammonia  or  6i  lb.  of  ammonia 
per  ton  of  coal,  a  total  consumption  of  1900  tons  of  coal  per  day 
should  give. 

1900  X  366  X  6.5       ^^_  ^ 

2f\f)nfi -  2250  tons  per  annum 

It  will  thus  be  seen  that  there  is  plenty  of  ammonia  to  combine 
with  the  acid  made  by  the  surplus  gas,  even  if  a  higher  jdeld  of 
acid  is  allowed  per  kw-yr.  and  more  power  is  generated. 

I  ptuposely  leave  out  of  discussion,  questions  as  to  types  of 
nitrogen  fixation  furnaces  and  of  yields  obtained.  I  may  say, 
however,  that  it  Is  not  right  to  assume  that  jaelds  are  limited 
to  those  usually  obtained  from  certain  well  known  furnaces 
which  must  of  necessity  work  with  single-phase  current. 

The  amount  of  ammonium  nitrate  will  be  less  than  the 
theoretical  figure  because  the  efficiency  of  the  reaction  is  not 
100  per  cent,  also  it  is  usual  to  convert  a  certain  amount  of  the 
gas  into  sodium  nitrate-nitrite.  A  safe  figure  would  be  6000 
tons  and  at  this  rate  it  can  be  shown  that  with  electric  energy 
at  5  mils  per  kw-hr.  and  ammonia  at  12  cents  a  pound,  the  am- 
moniiun  nitrate  can  be  made  at  less  than  half  the  price  the 
Government  is  now  paying. 

In  order  to  show  how  large  a  business  the  nitrogen  industry 
has  become,  the  following  figures  (compiled  by  Dr.  Paul  J.  Fox) 
give  the  nitrogen  balance  sheet  for  the  United  States  for  1917. 

IMPORTED  SUPPLIES 

Tons  Tons 
of  2,000  lb.      of   Nitrogen 

Chile  saltpetre  95  per  cent  NaNOg.         1J42,540  272,880 

Ordinary  saltpetre,  potassium,  nitrate               4,009  645 
Ordinary  saltpetre  and  gunpowder 

containing  75  per  cent  KNOs . .               1,600  210 

Ammonium  sulphate 8,135  1,725 

Ammonium  chloride 1,073  280 

DOMESTIC  SUPPLIES 

Coke  oven  ammonia— NHa 113,760  93,625 

Gas  works  ammonia— NH3 12,500  10,288 

Calcium  cyanamid  at  20    per    cent 

nitrogen 12,800  10,634 

NITROGEN  EXPORTED 

Tons  Tons 

of  2,000  lbs.  of  Nitrogen 

Nitric  acid,  15  per  cent  nitrogen . . .                486  73 

Picric  acid,  18  per  cent  nitrogen...            26,610  4,790 

Dynamite,  12  per  cent  nitrogen  ....             8,962  1,266 
Gunpowder  and  smokeless  powder, 

13  per  cent  nitrogen 223,270  29,026 

Ordinary  saltpetre 87^  123 
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In  addition  to  the  above,  there  are  also  about  8800  tons  rep- 
resented nitrogen  in  the  following  items  which  are  the  figiires 
for  1917, 

Value 

Loaded  cartridges $42,000,000 

Puses 34.000,000 

Shells  and  projectiles 74,000,000 

All  other 202,000,000 

Total  253,000,000 

It  will  be  noticed  that  ammonium  nitrate  is  not  included  in 
these  figures,  but  I  assume  it  would  be  about  50,000  tons  for 
1917. 

In  Great  Britain  the  consumption  of  ammoniun  nitrate  is 
now  probably  400,000  tons  a  year,  and  the  production  here  will 
have  to  be  at  least  as  much.  To  make  this,  the  theoretical 
proportion  of  ammonia  required  is  about  85,000  tons  and  of 
nitric  acid  about  315,000  tons. 

It  will  thus  be  seen  that  the  coke  oven  plants  in  the  country 
could  supply  all  the  ammonium  nitrate  required  if  they  were 
equipped  for  the  purpose.  I  do  not  suggest  that  existing  ovens 
should  be  so  used,  because  much  of  the  gas  is  already  allocated 
for  various  purposes  but  for  new  installations  of  coke  ovens  it 
would  be  worth  while  to  consider  the  use  of  the  surplus  gas  and 
of  the  ammonia  in  the  way  suggested. 

The  idea  of  using  coke  oven  gas  for  generating  electric  power 
for  general  supply  is  gaining  groimd  and  there  are  a  good  many 
such  installations  in  the  North  of  England  where  electric  energy 
has  been  sold  at  lower  rates  than  appears  to  be  general  in  the 
United  States.  When  a  company  owns  the  power  house  as  well 
as  the  coke  ovens  it  can  of  course  sell  the  surplus  gas  to  itself  at 
a  very  low  rate  or  even  at  zero.  A  battery  of  coke  ovens  is  a 
good  paying  proposition  independent  of  any  money  received  for 
surplus  gas. 

The  company  operating  at  Fairmont,  West  Virginia  is  com- 
pleting a  new  power  house  at  the  mouth  of  a  coal  mine  which 
will  have  two  10,000-kw.  units,  and  the  company  has  12,000  kw. 
in  gas  engine  tmits  which  will  be  worked  with  gas  from  coke 
ovens,  so  that  by  1919  there  will  be  15,000  kw.  to  spare. 

Until  recently  most  coke  oven  ammonia  was  converted  into 
sulphate,  but  owing  to  the  war  demand  for  nitrate,  more  and 
more  of  it  is  being  made  into  aqua-ammonia  of  about  29  per  cent 
strength.     In  some    cases    this    is    being    transported    many 
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hundreds  of  miles  prior  to  conversion  into  ammonium  nitrate 
and  since  each  ton  of  ammonia  necessitates  the  transportation 
of  about  2§  tons  of  water,  the  bearing  of  this,  on  the  present 
railway  congestion  is  at  once  apparent.  Tank  cars  have  to  be 
used  and  they  must  return  empty,  so  the  freight  on  the  actual 
ammonia  carried  is  extremely  high. 

There  are  many  coke  ovens  of  the  wasteful  bee-hive  type  in 
operation,  which  do  not  recover  by-products  and  the  replace- 
ment of  these  by  modem  coke-ovens  would  be  a  great  immediate 
economic  gain  and  meet  present  war  conditions.  Coke  ovens  can 
be  built  quicker  than  large  dams  for  water  power  and  they  have 
the  great  advantage  of  giving  many  products  besides  coke  which 
are  useful  for  war  purposes. 

In  the  present  emergency  coke  ovens  are  of  great  value  be- 
cause they  give  coke  for  making  steel,  gas  for  power  purposes  > 
ammonia  for  nitrate  manufacture,  and  toluol  and  benzol  for 
explosives. 

After  the  war  ammonium  nitrate  will  be  in  demand  for 
fertilizer  as  well  as  for  safety  explosives  and  other  purposes 
The  high  percentage  of  nitrogen  which  it  contains  viz.,  35  per 
cent  and  the  ease  with  which  it  can  be  converted  into  other 
compounds  makes  it  especially  useful  for  conveying  nitrogen  in 
the  fixed  form  over  considerable  distances. 

It  is  more  profitable  to  make  nitrate  than  sulphate,  because, 
pound  for  pound,  the  nitrate  contains  nearly  twice  as  much 
fixed  nitrogen  and  the  nitrogen  commands  a  higher  price  per 
unit  when  in  the  form  of  ammonium  nitrate. 
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Discussion  on  "Electric  Power  for  Nitrogen  Fixation" 
(Scott),  Atlantic  City,  N.  J.,  July  27,  1918. 

C.  P.  Steinmetz:  I  decidedly  agree  with  Mr.  Scott  in  the 
conviction  that  the  final  solution  of  the  nitrate  problem  is  to  be 
found  in  the  arc  flame  process  or  direct  process.  I  have  read 
numerous  reports  during  the  last  fifteen  years  aiming  to  prove 
the  contrary,  but  I  have  not  been  convinced,  and  I  have  always 
had  the  feeling  that  the  chemical  engineers  who  made  these 
reports,  while  endeavoring  to  be  thoroughly  impartial,  were  so 
much  more  familiar  with  chemical  methods  and  relatively  less 
familiar  with  electrical  phenomena,  so  that  the  conclusions 
derived  by  them  have  been  influenced  unintentionally  by  their 
familiarity  with  the  one  class  of  work  and  unfamiliarity  with 
the  other  class  of  work. 

I  agree  that  the  direct  process  requires  more  electric  power 
than  the  cyanamid  process,  for  instance,  but  at  the  same  time 
there  are  other  processes,  like  the  ammonia  process,  which 
require  no  electric  power,  and  the  reason  why  the  cyanamid 
process  requires  much  less  power  is  that  of  the  various  operations 
only  a  very  small  part,  the  first  quarter,  is  carried  out  electrically. 
We  may  put  the  statement  the  other  way  and  say  that  in  the 
direct  process  nothing  but  electric  power  is  required,  and  all  the 
V7ork  is  done  by  electric  power,  while  in  the  other,  the  indirect 
processes,  electric  power  plays  only  a  secondary  part,  or  no  part 
at  all. 

The  present  situation,  as  we  all  realize,  is  peculiar,  that  we 
have  to  face  an  emergency.  It  is  not  a  question  whether  the 
one  process  is  better  or  more  economical  than  the  other  one, 
but  the  question  is,  first,  which  process  can  be  brought  into 
operation  on  a  larger  scale  in  the  quickest  manner.  I  am  not 
suflSciently  familiar  with  all  the  data  which  are  available,  to 
judge  about  this,  but  I  am  willing  to  accept  the  judgment  of 
those  who  have  gone  over  the  field  and  decided  that  the  cyana- 
mid process  offers  the  best  possibility  of  getting  in  operation  on 
a  large  scale  in  the  quickest  possible  time,  but  that  in  addition 
thereto  extensive  experimentation  and  development  should  be 
carried  out  which  may  lead  to  more  efficient,  and  therefore  final, 
methods,  but  I  believe  a  very  great  mistake  is  being  made  by 
our  nation  by  not  considering  in  this  proposed  development,  or 
practically  not  considering,  the  arc  process. 

We  must  realize  that  without  a  powerful  nitrate  industry  we 
are  defenselessly  at  the  mercy  of  any  power  which  controls  the 
ocean,  and  that  we  must  have  a  strong  nitrate  industry  indigen- 
ous to  this  country,  not  merely  for  the  time  of  this  war,  but 
forever  after,  and  such  a  nitrate  industry  can  subsist  on  a  large 
enough  scale  to  be  useful  in  emergencies  only  if  an  extensive  use 
is  found  in  peace  times,  and  that  use  must  be  in  the  ferlilizer 
industry. 

That  means  an  extremely  cheap  method  of  production,  and 
that  means  as  far  as  power  is  concerned,  it  must  be  capable  of 


Digitized  by  VjOOQ IC 


976  NITROGEN  FIXATION  (June  27 

operation  with  the  cheapest  power,  that  is,  secondary  power  or 
off-peak  power. 

Of  all  the  methods  of  nitrification  the  only  one  which  is 
capable  of  efficient  intermittent  operation  is  the  arc  process,  or 
direct  process.  The  arc  is  equally  as  efficient  in  the  second  or 
milli-second  after  it  is  started  as  it  is  after  continuous  operation 
for  days.  That  is  not  the  case,  however,  with  the  cyanamid 
process,  where  even  a  very  short  time  interruption  means  freez- 
ing of  the  carbide  furnace  and  serious  loss  and  interruption. 

I  saw  some  time  ago  a  confidential  report  by  a  prominent 
engineer  sent  by  one  of  our  largest  utility  corporations  to  Norway 
to  study  the  Norwegian  process,  to  see  whether  it  could  be 
utilized  in  the  use  of  off-peak  power,  and  the  report  in  its  con- 
clusion said  that  the  Norwegian  process, — as  I  may  call  the  arc 
process  as  it  was  some  years  ago  operated  in  the  Norwegian 
plants, — ^if  it  is  operated,  not  continuously,  but  half  the  time, 
then  even  if  the  power  cost  absolutely  nothing,  it  would  not  be 
economical,  because  the  interest  on  the  investment  would  be 
greater  than  the  value  of  the  nitrate  was  at  that  time.  Possibly 
it  is  different  now,  but  I  have  no  reason  to  doubt  that  the  con- 
clusions were  correct.  I  do  not  know  whether  the  process  has 
been  improved  at  the  present  time,  but  that,  together  with 
several  other  features,  is  a  part  of  the  general  situation  in  regard 
to  the  Norwegian  method. 

We  hear  and  have  definite  information  that  the  Norwegian 
arc  process  nitrate  plants  are  commercially  successful  and 
profitable,  but  we  also  hear  that  the  conditions  there  are  peculiar, 
such  as  cannot  be  found  in  our  country,  and  the  peculiarity  is 
claimed  to  be  the  very  low  cost  of  power.  That  is  not  strictly 
true  in  all  respects,  because  off-peak  power  here  can  be  secured 
cheaper  in  many  cases  than  the  Norwegian  power.  The  peculiar 
condition  of  the  Norwegian  plant,  as  it  existed  some  years  ago 
when  these  reports  were  made,  was  a  limited  power  with  very 
cheap  capital,  so  that  under  those  conditions  the  greatest 
economy  required  a  development  of  the  highest  possible  effi- 
ciency regardless  of  the  cost  of  the  investment.  It  is  about  the 
same  condition  which  we  meet  in  our  largest  public  utility 
corporations,  like  Chicago  and  Detroit,  which,  as  our  President 
has  pointed  out,  have  reached  the  highest  efficiency  in  electric 
production,  exceeding  20  per  cent  from  the  chemical  energy  of 
coal  to  the  busbar.  An  attempt  to  use  apparatus  of  this  high 
efficiency  in  an  isolated  station,  supplying  a  hotel,  or  in  a  central 
station  feeding  a  small  city,  would  be  hopelessly  imeconomical, 
for  the  reason  that,  because  of  the  size  and  the  load  factor  the 
cost  of  the  capital  in  such  a  small  plant  is  much  higher.  We 
have  to  balance  the  efficiency  which  we  can  secure  against  the 
interest  on  the  investment  required  to  secure  the  efficiency. 
This  in  my  opinion,  is  the  characteristic  feature  of  the  Nor- 
wegian plant,  which  makes  it  impossible  to  transfer  it  without 
any  change  to  American  conditions,  especially  to  conditions  of 
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off-peak  power,  where  not  only  the  higher  costs  of  capital  under 
American  conditions — especially  under  the  present  conditions — 
but  furthermore,  the  still  higher  cost  of  capital  due  to  its  inter- 
mittent use,  makes  a  plant  aiming  at  the  highest  efficiency,  at 
the  collection  of  the  last  traces  of  the  nitrate,  makes  such  a  plant 
uneconomical .  This  is  the  feature  which ,  in  my  opinion,  has  very 
largely  been  killingthe  arc  process  in  this  country,  because  no  com- 
petent electrical  engineer  realizing  this  situation  was  fathering  it, 
but  it  has  rather  been  done  by  the  attempt  to  transplant  the 
Norwegian  method  here  under  circumstances  to  which  it  is  not 
adopted.  It  means  redesign  and  redevelopment  of  this  method, 
to  a  very  much  lower  cost  of  investment,  even  at  the  sacrifice  of 
some  efficiency.  We  can  better  afford  to  waste  25  per  cent  of 
I  the  nitrate  if  thereby  we  can  get  the  cost  of  investment  down  to 

I  a  small  fraction  of  what  the  Norwegian  plant  costs,  and  thereby 

make  it  economical  for  off-peak  power. 

That  is  the  principal  point  I  want  to  bring  to  your  attention, 
i  and  furthermore,  there  is  another  matter  wMch  I  can  only  give 

I  from  hearsay,  that  is,  that  the  financial  control  of  the  Norwegian 

nitrate  plants  were  secured  some  time  ago  by  German  industries, 
and  then  afterwards  were  sold,  and  since  that  time  we  have  been 
given  to  understand,  intentionally  or  unintentionally,  that  the 
new  German  processes  are  superior,  and  that  there  is  nothing  in 
the  arc  process,  because  they  have  given  up  their  control  of  them. 
Whether  that  is  really  so,  or  whether  they  realize  that  the 
conditions  in  Germany  are  different  from  ours  with  regard  to  the 
economy  of  the  arc  process — the  almost  complete  absence  of 
larger  water  powers,  the.  great  abundance  of  skilled  chemists 
and  skilled  chemical  labor  bringing  about  conditions  which  are 
very  much  more  in  favor  of  chemical  processes  and  against  the 
arc  processes.  I  leave  it  to  you  to  think  over  which  may  have 
been  the  reason. 

But  there  is  one  feature  which  has  seriously  mitigated  against 
the  arc  process,  and  that  is  the  following:  Some  time  ago  a 
very  careful  investigation  was  made  by  the  famous  German 
chemist  Nernst,  on  the  temperature  equilibrium  of  oxygen, 
nitrogen  and  nitric  oxide,  and  he  showed  that  at  the  temperature 
of  the  carbon  arc  the  equilibrium  corresponds  to  about  4  per  cent 
nitric  oxide.  That  would  mean  an  efficiency  of  conversion  of 
13  per  cent,  if  all  this  4  per  cent  could  be  saved,  but  we  know 
at  these  temperatures  dissociation  is  so  rapid,  that  we  can 
expect  to  save  only  a  part  of  the  nitric  oxide  from  destruction,  in 
dropping  the  temperature  as  rapidly  as  possible.  That  means  the 
possible  efficiency  must  be  much  lower  than  13  per  cent. 

It  is  true  that  the  temperature  eqtiilibritun  at  the  carbon  arc 
temperature  corresponds  to  4  per  cent  of  nitric  oxide,  and  very 
mudi  lower  percentages  at  lower  temperature.  It  has  been 
proven  however  that  the  nitrification  in  the  arc  is  not  a  tempera- 
ture effect,  but  is  an  electrical  effect,  and  the  proof  of  that  you 
ean  find  in  the  Transactions  of  the  A.  I.  E.  E.in  the  discussion 
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of  a  paper  by  my  assistant  Mr.  J.  L.  R.  Hayden,  who  made  an 
extensive  investigation  some  years  back  on  nitrification,  and 
has  given  the  results  in  his  discussion.  This,  however,  seems  to 
have  been  forgotten,  since  at  that  time  the  problem  was  of  lesser 
importance  than  now.  He  showed  that  in  low  temperature  low- 
voltage  arc,  nitric  oxide  can  be  produced  far  in  excess  of  the  con- 
centration corresponding  to  the  temperature  equilibrium  at 
the  temperature  of  the  arc,  and  therefore  the  effect  cannot  be  a 
mere  temperature  effect.  He  furthermore  showed  that  the  rela- 
tive efficiency  of  different  temperature  arcs  does  not  correspond 
to  the  temperature.  The  carbon  arc,  which  is  the  hottest,  is  very 
far  from  being  the  most  efficient  nitrifying  arc.  The  iron  arc 
and  the  copper  arc  each  have  about  the  same  temperature,  but 
not  the  same  nitrifying  efficiency,  but  rather  they  are  on  the 
two  extremes  of  the  series  investigated.  The  copper  arc  is  the 
least  efficient,  and  the  iron  arc  is  the  most  efficient,  showing 
thereby  that  the  effect  of  the  arc  in  producing  the  combination  of 
nitrogen  and  oxygen  is  not  a  temperature  effect,  but  a  direct 
electrical  effect. 

The  reason  why  I  have  confidence  in  the  arc  process  is  not 
only  due  to  the  absence  of  the  need  of  any  other  raw  material 
but  air,  which  makes  it  specially  suitable  for  use  anywhere  where 
power  is  available — as  pointed  out  by  Mr.  Scott,  at  the  coke 
oven  for  instance — ^it  is  not  only  the  possibility  of  the  use  of 
intermittent  power,  which  holds  out  the  hope  of  developing  a 
powerful  nitrate  industry  in  peace  times,  but  it  is  also  the  vast 
possibility  of  increasing  the  efficiency  of  nitric  acid  production 
by  the  arc  process,  over  that  reached  in  the  Norwegian  plants. 
Under  favorable  conditions,  I  understand,  the  present  efficiency 
is  from  60  to  80  grams  per  kilowatt-hour.  The  theoretical 
efficiency  of  nitric  oxide  production  is  2500  grams  of  NO3H  per 
kilowatt-hour,  so  that  the  present  best  results  are  an  efficiency 
of  3  per  cent. 

You  can  realize,  therefore,  the  vast  possibilities  there  are  in 
increasing  the  efficiency,  and  if  at  an  efficiency  of  only  3  per  cent 
the  process  has  become  commercial  under  favorable  conditions, 
we  can  see  that  there  are  possibilities  in  this  method  which  will 
bear  considerable  efforts  being  made  in  studying  the  develop- 
ment further,  and  carrying  on  the  development,  which  I  am 
sorry  to  say  has  practically  been  neglected  since  the  early 
pioneer  days  of  Charles  Bradley,  the  electrical  engineer,  who 
started  a  plant  at  Niagara  Falls,  but  failed,  due  to  the  cost  of 
investment  in  his  particular  method  being  out  of  proportion  to 
the  returns. 

I  want  to  conclude  by  repeating  that  my  study  of  the  prob- 
lem— and  I  have  been  closely  interested  in  it,  not  only  theoreti- 
cally, but  I  have  done  considerable  experimental  work  during 
the  past  twenty  years  or  more, — has  led  me  to  the  conclusion 
that  while  the  cyanamid  process  may  have  inmiediate  use  by 
being  the  quickest  available,  that  the  process  which  I  consider 
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as  the  most  promising,  in  the  final  solution  of  the  problem,  is  the 
direct  or  arc  process. 

Wm.  A.  DjsX  Mar  (communicated  after  adjournment):  The 
arc  process  for  the  fixation  of  nitrogen  is,  in  my  opinion,  the  only 
use  to  which  the  off-peak  capacity  of  large  power  stations  can 
be  put,  as  it  is  the  only  electrotechnical  process  that  can  thrive 
under  the  three  characteristic  conditions  attending  the  use  of 
such  power,  namely,  absorption  of  large  amounts  of  power,  use 
of  alternating  current  at  the  generated  voltage  and  intermittent 
supply. 

The  cost  of  transforming  apparatus  bars  all  direct-current 
electrochemical  processes  such  as  electrolytic  metal  refining, 
alkali  productions,  etc.  and  many  thermal  processes.  Other 
thermal  processes  are  debarred  because  they  cannot  be  operated 
intermittently.  Any  processes  which  are  exceptional  in  these 
respects  are  too  unimportant  to  absorb  the  power  available  from 
large  stations. 

Hence  if  off-peak  capacity  is  ever  to  be  utilized  on  a  large 
scale,  the  only  promising  field  for  research  is  the  arc-process  for 
nitrogen  fixation. 

S.  Barfoed  (communicated  after  adjournment):  As  nitric 
acid  is  the  end  product  desired  it  is  evident  that  with  the  increas- 
ing demand  upon  the  nation's  man  power  naturally  that  system 
which  can  produce  nitric  acid  with  a  minimum  of  labor  is  the 
most  logical  one  to  use,  other  things  considered  equal.  The  raw 
materials  needed  for  the  direct  method  being  air  and  water  lend 
themselves  to  transport  in  pipes  reqmring  no  attention.  Also, 
the  final  product,  nitric  acid,  is  to  be  handled  in  the  same 
manner  by  means  of  the  new  acid  proof  ferro-alloys.  Conse- 
quently labor  is  not  needed  in  this  particular  part  of  the  cycle 
of  operations. 

In  the  operation  of  any  arc  furnaces  used  by  the  direct  method 
a  row  of  furnaces  may  be  attended  by  but  two  men  required  for 
recording  and  renewing  electrodes  at  intervals. 

During  the  last  two  and  one-half  years  the  writer  has  been 
engaged  upon  the  development  and  operation  of  a  1000-kv-a, 
arc  furnace  using  metallic  oxide  electrodes.  The  restdts  obtained 
in  this  furnace  and  the  simplicity  of  its  operation,  also  the  ease 
with  which  it  may  be  kept  in  repair  justifies  me  in  saying  that  the 
direct  method  for  making  nitric  acid  as  compared  with  the 
indirect  method  has  the  very  advantages  which  Mr.  Scott  men- 
tions. 

The  simple  way  of  getting  the  end  product,  nitric  add,  with 
the  direct  method  as  the  first  and  only  operation  must  surely  be 
evident  to  the  layman  even  if  he  should  be  a  lawyer-politician. 

In  discussing  the  proper  system  to  use  in  nitrogen  fixation  it 
must  be  kept  in  mind  that  all  the  various  processes  have  their 
proper  place  of  usefulness,  all  depending  upon  the  raw  materials 
available  and  the  end  product  it  is  desired  to  produce  and  have 
the  market  absorb.    The  choice  of  the  system  is  practically 
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decided  only  by  the  geographical  location  of  the  plant.  In 
places  where  coal  has  been  obtainable  at  reasonable  prices  and 
where  men  are  rather  plentiful  but  where  water  pywer  is  com- 
paratively expensive,  the  end  product  may  to  advantage  be 
cyanamid.  In  the  greater  part  of  the  West  coal  is  not  obtainable 
at  prices  that  would  make  the  indirect  method  of  making  acid 
or  even  the  cyanamid  process  possible  tmder  any  circumstances. 

The  scheme  outlined  for  combining  a  battery  of  coke  ovens 
with  ammonia  recovery  plant  with  an  arc  ftimace  plant  as  out- 
lined by  Mr.  Scott  is  entirely  feasible  and  is  one  to  which  the 
writer  has  given  considerable  thought,  but  the  conditions  for  its 
use  during  peace  times  must  be  favorable.  Even  in  certain 
sections  of  the  West  in  spite  of  the  existing  water  powers  such  a 
scheme  can  be  worked  out  successfully  for  producing  ammonium 
nitrate.  Where  districts  are  equally  well  off  as  to  coal  and  water 
the  several  methods  of  producing  fixed  nitrogen  can  very  well 
exist  side  by  side  and  not  exclude  one  another,  keeping  in  mind 
the  suitability  of  each  process  with  a  view  as  to  raw  material 
and  the  end  product. 

I  endorse  the  formula  "Do  it  Electrically"  when  nitric  acid  is 
to  be  produced. 

I  do  not  believe  that  at  the  present  time  there  are  many  power 
stations  where  surplus  power  may  be  had.  Also,  I  believe 
that  the  load  factor  of  the  majority  of  stations  is  so  high  that 
the  time  during  which  off-peak  power  is  available  would  be  too 
short  for  making  the  operation  of  arc  furnaces  satisfactory.  In 
the  West  there  is  rather  a  scarcity  of  power  and  new  develop- 
ments by  existing  companies  are  not  likely  to  be  made  in  time 
to  be  of  any  use  during  the  war,  and  that  is  largely  because  the 
power  it  is  thought  to  develop  cheaply  is  to  be  of  great  magni- 
tude. There  are  however,  throughout  the  West  numerous 
small  water  power  sites  of  10,000  h.  p.  or  thereabouts  which  can 
very  cheaply  be  developed  arid  completed  in  a  short  time  and 
which  would  be  entirely  suitable  for  a  nitric  acid  factory.  State- 
ments are  often  made  that  such  water  powers  cannot  be  de- 
veloped under  a  certain  figure.  Such  statements  of  course  do 
not  mean  anything  unless  they  are  qualified  as  to  just  what 
is  meant  to  be  included  in  a  development.  As  generally 
spoken  of  I  believe  what  is  meant  is  that  the  development  should 
include  step-up  transformers,  high-tension  switch  gear,  transmis- 
sion lines,  lowering  transformers,  substation  equipment  and  distri- 
buting lines,  etc.  For  such  systems  the  figures  as  often  given 
may  be  correct,  but  it  would  be  a  mistake  to  draw  any  conclu- 
sions from  them  when  it  comes  to  making  a  hydroelectric 
development  for  use  with  arc  furnaces  producing  nitric  acid. 

It  is  often  found  that  the  nitric  acid  factory  can  be  located 
in  close  proximity  to  the  power  station  and  it  will  be  at  once 
evident  the  great  saving  that  can  be  made  by  so  doing  in  the 
cost  of  [the  plant.  The  development  would  include  the  hy- 
draulic works  and  the  generating  equipment  which  generates 
power  directly  at^the  voltage  required  by  the  furnaces. 
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Looking  at  the  matter  in  this  light  I  have  made  several  in- 
vestigations where  water  power  of  around  10,000  h.  p.  can  be 
developed  for  a  figure  around  $60.00  per  h.  p.  and  lower. 
Where  this  can  be  done  the  power  cost  will  be  a  minor  item 
compared  to  the  fixed  charges  on  the  acid  factory. 

F.  W.  Sperr,  Jr.  (communicated  after  adjournment) :  A  very 
important  phase  of  the  plan  which  Mr.  Rilbum  Scott  has  de- 
veloped is  that  it  succeeds  in  reconciling  the  interests  of  two 
great  industries — the  nitrogen  fixation  industry  and  the  by- 
product coke  industry.  It  cannot  be  denied  that,  owing  largely 
to  the  emphasis  that  has  been  placed  upon  fixation  by  the  cyana- 
mid  process,  there  have  hitherto  been  many  elements  of  mutual 
antagonism  in  these  two  industries. 

The  by-product  coke  oven  must  be  considered  as  an  essential 
factor  in  otu-  national  security  and  military  success.  It  is  the 
greatest  and  most  dependable  source  of  tri-nitro  toluol,  the 
most  important  high  explosive,  and  must  be  relied  upon  for  our 
supply  of  benzol,  creosote,  naphthalene,  anthracene  and  a  host 
of  other  products  of  military  value. 

Many  people  still  have  the  old-fashioned  idea  that  beehive 
coke  works  better  in  a  blast  furnace  than  by-product  coke.  As 
a  matter  of  fact  records  from  a  large  number  of  blast  furnaces 
show  a  saving  of  over  200  pounds  of  coke  per  ton  of  pig  iron  due 
to  the  substitution  of  by-product  coke  for  the  beehive  product. 
The  significance  of  this  in  connection  with  our  fuel  shortage  and 
the  importance  of  the  steel  industry  is  easy  to  recognize. 

In  the  establishment  of  by-product  coke  ovens,  we  are  still 
sadly  behind  both  economic  and  military  requirements  and 
every  agency  should  be  interested  in  encouraging  the  construc- 
tion of  new  plants  as  rapidly  as  possible. 

It  is  to  be  regretted  that  the  fear  of  loss  through  destructive 
competition  with  subsidized  ammonia  produced  by  the  cyana- 
mid  process  has  operated  in  certain  cases  as  a  discouraging  factor. 
In  normal  times,  ammonia  is  the  principal  source  of  revenue, 
besides  coke,  to  the  by-product  coke  plant.  Ammonia  produced 
by  the  cyanamid  process  cannot  compete  with  by-product  coke 
oven  ammonia  except  with  the  aid  of  a  subsidy.  Large  quanti- 
ties of  subsidized  ammonia  or  a  cheap  competing  fertilizer  like 
cyanamid,  thrown  upon  the  agricultural  market  might  well 
induce  hesitation  in  the  building  of  by-product  coke  ovens. 

On  the  other  hand,  Mr.  Scott's  proposition  to  combine  the 
manufacture  of  nitric  acid  from  the  atmosphere  with  the  opera- 
tion of  a  by-product  coke  plant,  utilizing  the  surplus  gas  from 
the  latter  to  furnish  the  requisite  power,  and  the  ammonia  to 
combine  with  the  nitric  acid  forming  ammonium  nitrate,  appears 
to  be  as  economically  sotind  in  time  of  peace  as  it  is  desirable  in 
time  of  war.  From  the  standpoint  of  the  by-product  coke  oven 
owner,  it  looks  entirely  feasible  and  encouraging.  Under 
normal  conditions,  the  nitric  acid  might  be  sold  separately,  or 
it  might  $tiU  be  used  together  with  the  ammonia  as  ammonium 
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nitrate.  In  this  way  the  expense  of  purchasing  sulphuric  acid 
to  make  ammonium  sulphate  would  be  avoided  and  a  concen- 
trated fertilizer  more  valuable  than  ammonium  sulphate  would 
be  produced.  It  is  to  be  hoped  that  arrangements  can  be  made 
to  build  a  plant  for  a  large  scale  trial  of  this  very  promising 
proposition. 

E.  K.  Scott:  Members  who  have  to  deal  with  electric  power- 
house problems,  are  naturally  interested  in  improvement  of 
load  factor.  I  know  of  no  load  which  is  more  suitable  for 
filling  up  valleys  of  a  load  curve  than  the  arc  method  of  fixing 
atmospheric  nitrogen,  for  the  furnaces  can  be  started  and 
stopped  at  any  time  without  detriment,  as  there  is  no  fixed 
material  to  freeze  when  current  is  off. 

A  good  situation  for  an  air  nitrate  factory  would  be  on  the 
same  plot  of  land  as  the  power  house  and  the  two  might  well 
be  under  the  same  directorate. 

It  has  often  been  said  that  the  manufacture  of  air  nitrates 
is  dependent  on  a  very  cheap  source  of  power  and  the  im- 
plication is  made  that  it  must  be  water  power  and  on  a  very 
large  scale.  I  wish  to  combat  this  for  I  consider  it  feasible  to 
successfully  operate  moderate  sized  plants  with  off  peak  power 
from  existing  power  houses. 

It  is  a  mistake  to  unduly  emphasize  the  question  of  power 
for  there  are  other  equally  important  factors,  e.  g.  transporta- 
tion of  raw  materials  and  finished  products.  Nitric  acid  is 
required  in  very  large  quantities  for  explosives,  for  dyes,  for 
celluloid  and  other  industries  and  being  difficult  to  carry,  it 
is  best  made  near  to  the  place  where  it  is  to  be  used. 

The  nitric  acid  made  in  Norway,  cannot  be  exported  owing 
to  difficulty  of  carriage  and  even  when  made  into  nitrate  of 
lime  and  nitrate  of  ammonia  the  cost  of  carriage  to  a  market 
abroad  is  considerable.  Take  ammonia  for  example  which  for 
many  years  has  been  made  in  Norway  with  ammonia  shipped 
from  England.  It  has  been  estimated  that  the  charges  for 
carriage,  insurance,  transhipment,  etc.,  of  the  aqua  anmionia 
to  Norway  and  of  the  finished  nitrate  of  ammonia  to  England 
came  to  more  per  ton  of  product  than  the  cost  of  the  electric 
energy  with  which  the  ton  was  made. 

Other  things  being  equal  it  is  often  better  to  be  near  to  a  steady 
market  and  pay  a  fair  price  for  power  than  to  go  to  a  considerable 
distance  and  get  cheaper  power.  Steam  power  houses  have 
often  an  advantage  over  hydroelectric  plants  because  the  latter 
are  usually  in  inconvenient  places. 

I  fully  appreciate  the  development  of  hydroelectric  power, 
but  think  that  the  building  of  a  coke  oven  plant  with  electric 
power  house  and  nitrate  factory  is  more  to  the  National  advant- 
age than  if  the  same  money  were  spent  on  hydraulic  works,  etc. 
The  coke  oven  proposition  has  certainly  wider  usefulness. 

It  may  be  of  some  interest  to  mention  that  electric  energy 
has  been  supplied  for  many  years  to    certain  electrochemical 
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factories  on  the  North  East  Coast  in  England  at  prices  which 
compare  favorably  with  Niagara.  A  considerable  amount  of 
power  developed  in  that  area  is  from  coke  ovens  and  blast 
furnace  gas  and  by  linking  the  power  houses  together  it  has 
been  fotmd  possible  to  bank  some  boilers  in  the  large  coal  fed 
power  houses  in  Newcastle  over  the  week  end  and  obtain  supply 
from  the  coke  oven  and  waste  heat  power  houses  of  Durham 
and  North  Yorkshire  which  of  course  must  be  kept  going  at 
all  hours. 

Dr.  Steinmetz  referred  to  the  investment  on  an  air  nitrate 
plant.  A  large  part  of  this  goes  in  the  absorption  towers  and 
the  building  required  to  house  same.  Although  chemists  have 
always  been  accustomed  to  absorb  gases  in  such  towers  I  think 
a  smaller  and  less  costly  method  can  be  developed  on  engi- 
neering lines. 

I  purposely  did  not  enter  into  questions  regarding  reactions, 
etc.,  that  go  on  in  nitrogen  fixation  furnaces,  but  I  agree  with 
Dr.  Steinmetz  that  the  action  is  not  a  purely  thermal  one.  The 
fact  that  nitric  acid  may  be  formed  on  the  windings  of  extra 
high-tension  machines  is  an  indication. 

Suggestions  of  limitations  in  electrical  methods  are  usually 
traceable  to  those  who  are  interested  in  old  fashioned  chemical 
methods,  as  for  example,  that  of  getting  nitric  acid  from  Chili 
nitrate,  but  an  audience  of  electrical  engineers  will  appreci- 
ate that  when  electricity  once  gets  a  foothold  in  any  industry 
it  holds  on. 

Some  of  us  remember  the  days  when  electric  lighting  was 
struggling  against  firmly  entrenched  gas  interests.  The  electric 
street  car  was  a  long  time  before  it  finally  ousted  the  horse  car, 
especially  in  England,  whilst  the  introduction  of  electric  power 
in  mines  is  still  opposed  by  advocates  of  compressed  air  and 
soon. 

Electric  engineering  is  now  developing  rapidly  in  the  largest 
fields  of  all,  namely,  electrochemistry  and  electrometalliu'gy. 
Very  large  amounts  of  energy  are  being  called  for  which  means 
greater  power  development  and  wider  opportunities  for  electri- 
cal engineers  and  manufactiu-ers  of  electrical  equipment.  Mem- 
bers will  no  doubt  hear  from  time  to  time  of  other  methods  of 
making  nitrates  which  do  not  require  electric  energy  or  re- 
quire less  than  the  arc  process.  They  need  have  no  fear  that 
electrical  methods  will  not  outlast  all  others  and  I  personally 
believe  the  arc  process  is  best  of  all. 

The  name  of  Charles  S.  Bradley  has  been  mentioned. 
He  was  a  pioneer  in  this  line  of  work  before  the  Norwegians 
or  Germans,  and  I  think  the  fact  is  worthy  of  commemoration. 
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AMERICA'S  ENERGY  SUPPLY 


BY  CHARLES  P.  STEINMETZ 


Abstract  of  Paper 


The  gist  of  the  paper  is  to  demonstrate  that  the  economical 
utilization  of  the  country's  energy  supply  requires  generating 
electric  power  wherever  hydraulic  or  fuel  energy  is  available,  and 
collecting  the  power  electrically,  just  as  we  distribute  it  electrically. 
In  the  first  section  a  short  review  of  the  country's  energy  sup- 
ply in  fuel  and  water  power  is  given,  and  it  is  shown  that  the 
total  potential  hydraulic  energy  of  the  country  is  about  equal  to 
the  total  utilized  fuel  ener^. 

In  the  second  section  it  is  shown  that  the  modem  synchronous 
station  is  necessary  for  large  hydraulic  powers,  but  the  solution 
of  the  problem  of  the  economic  development  of  the  far  more  num- 
erous smaller  waterpowers  is  the  adoption  of  the  induction  gener- 
a'tor.  However,  the  simplicity  of  the  induction  generator  station 
results  from  the  relegation  of  all  the  functions  of  excitation,  regu- 
la.tion  and  control  to  the  main  synchronous  station.  The  eco- 
nomic advantage  of  the  induction  generator  station  is,  that  its 
simplicity  permits  elimination  of  most  of  the  hydraulic  devdop- 
inent  by  using,  instead  of  one  large  synchronous  station,  a  number 
of  induction  generator  stations  and  collecting  their  power  elec- 
trically. 

The  third  section  considers  the  characteristics  of  the  induction 
generator  and  the  induction-generator  station,  and  its  method  of 
operation,  and  discusses  the  condition  of  "dropping  out  of  step 
of  the  induction  generator"  and  its  avoidance. 

In  the  appendix  the  corresponding  problem  is  pointed  out  with 
reference  to  fuel  power,  showing  that  many  millions  of  kilowatts 
of  potential  power  are  wasted  by  burning  fuel  and  thereby  degrad- 
ing its  energy,  that  could  be  recovered  by  interposing  simple  steam 
turbine  induction  generators  between  the  boiler  and  the  steam 
heating  systems,  and  collecting  their  power  electrically.  It  is 
shown  that  the  value  of  the  recovered  power  would  be  an  appre- 
ciable part  of  that  of  the  fuel,  and  that  organized  and  controlled 
by  the  central  stations,  this  fuel  power  collection  would  improve 
the  station  load  factor,  give  the  advantages  of  the  isolated  plant 
without  its  disadvantages,  and  produce  a  saving  of  many  millions 
of  tons  of  coal. 


I.  The  Ayailabie  Sources  of  Energy 
A.     Coal 

'  I  'HE  only  two  sources  of  energy,  which  are  so  plentiful  as  to 
A     come  into  consideration  in  supplying  our  modem  industrial 
civilization,  are  coal,  including  oil,  natural  gas,  etc.,  and  water 
power. 

985 


Digitized  by  VjOOQ IC 


086 


STEIN METZ:  AMERICA'S  ENERGY  SUPPLY    [June 27 


While  it  would  be  difficult  to  estimate  the  coal  consumption 
directly,  it  is  given  fairly  closely  by  the  coal  production,  at 
least  during  the  last  decades,  where  wood  as  fuel  had  become 
negligible,  and  export  and  import,  besides  more  or  less  balancing 
each  other,  were  small  compared  with  the  production.  Coal 
has  been  mined  since  1822,  and  in  Fig.  1  is  recorded  the  coal 
production  of  the  United  States,  from  the  governmental  reports. 
The  annual  production  is  marked  by  circles,  the  decennial 
average  marked  by  crosses  for  every  five  years.  Table  I  gives 
the  decennial  averages,  in  millions  of  tons  per  year. 


TABLE  I 
AVERAGE  COAL  PRODUCTION  OF  THE  UNITED  STATES 
(decennial  average) 


Year 

MUlion  tons 

Per  cent  increase 

per  year 

per  year 

1825 

0.11 

30 

0.32 

22.4 

35 

0.83 

19.7 

40 

1.92 

17.0 

45 

4.00 

14.5 

50 

7.46 

10.45 

55 

10.8 

8.35 

eo 

16.6 

8.72 

65 

25.9 

9.22 

70 

40.2 

8.58 

76 

56.8 

7.42 

80 

82.2 

7.95 

85 

122 

6.80 

90 

160 

5.40 

95 

206 

5.75 

1900 

281 

6.96 

05 

404 

6.60 

10 

532 

In  Fig.  1  the  logarithms  of  the  coal  production  in  tons  are  used 
as  ordinates.  With  this  scale,  a  straight  line  means  a  constant 
proportional  increase,  that  is,  the  same  percentage  increase  per 
year,  and  in  the  third  column  of  Table  I  are  given  the  average 
percentage  increase  of  coal  production  per  year. 

This  Fig.  1  is  extremely  interesting  by  showing  the  great  ir- 
regularity of  production  from  year  to  year,  and  at  the  same  time 
a  very  great  regularity  over  a  long  period  of  time.  Since  1870 
the  average  production  may  be  represented  by  a  straight  line, 
the  values  lying  irregularly  above  and  below  the  line,  which 
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represents  an  annual  increase  of  6.35  per  cent  and  thus  repre- 
sents the  average  coal  production^  C  by  the  equation 
C  =  45.3  X  10  00267  (y-1870)  milUon  tons 
or 

log  C  =  0.0267  (y-1870)  +  7.656 
where  y  =  year. 

Before  this  time,  from  1846  to  1884,  the  coal  production  could 
be  represented  by 

C=7.26  X  10  0365  (y-1850)  million  tons 
or 

log  C= 0.0365  Cy~1850)  +  6.861 

representing  an  average  annual  increase  of  8.78  per  cent. 
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Pig.  1 — Coal  Production    of  the  United  States 


It  is  startling  to  note  how  inappreciable,  on  the  rising  curve 
of  coal  production,  is  the  effect  of  the  most  catastrophic  political 
and  industrial  convulsions,  such  as  the  Civil  War  and  the  In- 
dustrial panic  of  the  early  90's;  they  are  indistinguishable  from 
the  constantly  recurring  annual  fluctuations.  It  means,  that 
the  curve  is  the  result  of  economic  laws,  which  are  laws  of  nature. 

Extrapolating  from  the  curve  of  Fig.  1,  which  is  permissible, 
due  to  its  regularity,  gives  867  million  tons  as  this  year's  coal 
consumption.  As  it  is  difficult  to  get  a  conception  of  such 
enormous  amounts,  I  may  be  allowed  to  illustrate  it.  One  of 
the  great  wonders  of  the  world  is  the  Chinese  Wall,  running 

1.  Soft  coal  and  anthracite;  and  including  oil  reduced  to  coal  by  its 
fuel  value. 
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across  the  country  for  hundreds  of  miles,  by  means  of  which 
China  unsuccessfully  tried  to  protect  its  northern  frontier  against 
invasion.  Using  the  coal  produced  in  one  year  as  building 
material,  we  could  with  it  build  a  wall  like  the  Chinese  Wall,  all 
around  the  United  States,  following  the  Canadian  and  Mexican 
frontier,  the  Atlantic,  Gulf  and  Pacific  Coast,  and  with  the 
chemical  energy  contained  in  the  next  year's  coal  production,  we 
could  lift  this  entire  wall  up  into  space,  200  miles  high.  Or, 
with  the  coal  produced  in  one  year  used  as  building  material,  we 
could  build  400  pyramids,  larger  than  the  largest  pyramid  of 
Egypt. 

It  is  interesting  to  note  that  100  thousand  tons  of  coal  were 
produced  in  the  United  States  in  1825;  one  million  tons  in  1836; 
10  million  tons  in  1852  and  100  million  tons  in  1882.  The  pro- 
duction will  reach  about  1000  million  tons  in  1920,  and,  if  it  con- 
tinues to  increase  at  the  same  rate,  it  would  reach  10,000  million 
tons  in  1958. 

Estimating  the  chemical  energy  of  the  average  coal  as  a  little 
above  7000  cal.,  the  chemical  energy  of  one  ton  of  coal  equals  ap- 
proximately the  electrical  energy  of  one  kilowatt  year  (24  hour  ser- 
vice) .  That  is,  one  ton  of  coal  is  approximately  equal  in  potential 
energy  to  one  kilowatt-year. 

Thus  the  annual  consumption  of  867  millions  of  tons  of  coal 
represents,  in  energy,  867  million  kilowatt-years. 

However,  as  the  average  efficiency  of  conversion  of  the 
chemical  energy  of  fuel  into  electrical  energy  is  probably  about 
10  per  cent,  the  coal  production,  converted  into  electrical 
energy,  would  give  about  87  million  kilowatts. 

Assiuning  however,  that  only  one  half  of  the  coal  is  used  for 
power,  at  10  per  cent  efficiency,  the  other  half  as  fuel,  for  metal- 
lurgical work  etc.,  at  efficiencies  varying  from  10  per  cent  to 
80  per  cent,  with  an  average  efficiency  of  40  per  cent,  then  we  get 
217  million  kilowatts  (24  hour  service)  as  the  total  utilized 
energy  of  our  present  annual  coal  production  of  867  million  tons. 

B.  The  Potential  Water  Powers  of  the  United  States 

Without  considering  the  present  limitation  in  the  develop- 
ment of  water  powers,  which  permits  the  use  of  only  the  largest 
and  most  concentrated  powers,  we  may  try  to  get  a  conception 
of  the  total  amount  of  hydraulic  energy  which  exists  in  our 
country,  irrespective  of  whether  means  have  yet  been  developed 
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or  ever  will  be  developed  for  its  complete  utilization.     We  there- 
fore proceed  to  estimate  the  energy  of  the  total  rain  fall. 

Superimposing  the  map  of  rain  fall  in  the  United  States,  upon 
the  map  of  elevation,  we  divide  the  entire  territory  into  sections 
by  rain  fall  and  elevation.  This  is  done  in  Table  II,  for  the  part 
of  our  continent  between  30  and  50  degrees  northern  latitude. 

TABLE  II 
TOTAL  POTENTIAL  WATER  POWER  OF  UNITED  STATES 


In. 

Ft. 

Area 

Avg. 

Avg. 

Kg-m. 

Kg-m. 

rain 

elevation 

m«10««  X 

elevation 

rainfall 

per  m«; 

total 

fall 

m. 

cm. 

10»X 

10"  X 

>10 

>5000 

0.54 

2100 

12  5 

263 

142 

1000-5000 

0.29 

900 

112 

32.5 

10-20 

>5000 

1.18 

2100 

37.5 

787 

930 

1000-5000 

1.96 

900 

338 

660 

20-30 

1000-5000 

0.32 

900 

62.5 

563 

183 

100-1000 

0.97 

150 

94 

91 

30-40 

1000-5000 

0.35 

900 

87.5 

786 

275 

100-1000 

1.40 

150 

131 

184 

I      40-60 

1000-6000 

0.27 

900 

125 

1130 

305 

100-1000 

1.03 

150 

188 

194 

2  «2996 

3000 

As  obviously  only  the  general  magnitude  of  the  energy  value 
is  of  interest,  I  have  made  only  few  sub-divisions:  five  of  rain 
fall  and  four  of  elevation,  as  recorded  in  columns  1  and  2  of 
Table  IP.  The  third  column  gives  the  area  of  each  section,  in 
millions  of  square  kilometers,  the  fourth  column  the  estimated 
average  elevation,  in  meters,  and  the  fifth  column  the  average 
rain  fall,  in  centimeters.  The  sixth  column  gives  the  energy,  in 
kilogram-meters  per  square  ixeter  of  area,  and  the  last  column 
the  total  energy  of  the  section,  in  kilogram-meters,  which  would 
be  represented  by  the  rain  fall,  if  the  total  hydraulic  energy  of 
every  drop  of  rain  were  counted,  from  the  elevation  where  it  fell, 
down  to  sea  level. 

As  seen  from  Table  II,  the  total  rain  fall  of  the  North  Ameri- 
can Continent  between  30  deg.  and  50  deg.  latitude  repre- 
sents 3000  X  lO'*^  kg-m.  This  equals  950  million  kilo- 
watt years  (24  hour  service).  That  is,  the  total  potential  water 
power  of  the  United  States,  or  the  hydraulic  energy  of  the  total 

1.  The  lowest  elevation,  <  100  ft.,  is  not  included,  as  having  little 
potential  energy. 
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rain  fall,  from  the  elevation  where  it  fell,  down  to  sea  level,  gives 
about  1000  million  kilowatts. 

However,  this  is  not  available,  as  it  would  leave  no  water  for 
agriculture;  and  even  if  the  entire  country  were  one  hydraulic 
development,  there  would  be  losses  by  seepage  and  evaporation. 

An  approximate  estimate  of  the  maximum  potential  power  of 
the  rain  fall,  after  a  minimum  allowance  for  agriculture  and  for 
losses  is  made  in  Table  III,  allowing  12.5  cm.  rain  fall  for  wastage, 
and  37.5  and  25  cm.  respectively  for  agriculture  where  such  is 
feasible. 


TABLE  III 
AVAILABLE  POTENTIAL  WATER  POWER  OF  THE  UNITED  STATES 


Avg. 

Avg. 

Area  m* 

Wastage 

Agricul- 

Available 

Kg.  m. 

Kg.m. 

rainfall 

elevation 

10«  X 

cm. 

ture, 

rainfall 

per  m* 

total 

cm. 

m. 

cm. 

cm. 

10»X 

10»X 

12.5 

2100 

0.54 

12.5 

.... 

900 

0.29 

12.5 

.... 

37 

5 

2100 

0.39 

12.5 

25 

2100 

0.79 

12.5 

25 

525 

415 

900 

0.98 

12.5 

25 

.... 

.... 

900 

0.98 

12.5 

.... 

25 

225 

220 

62 

5 

900 

0.21 

12.5 

37.5 

12.5 

112 

23 

. 

900 

0.11 

12.5 

.... 

50 

450 

50 

, , 

150 

0.97 

12.5 

37.5 

12.5 

19 

18 

87 

5 

900 

0.35 

12. '5 

37.5 

37.5 

337 

118 

. 

150 

1.40 

12.5 

37.5 

37.5 

56 

78 

125 

900 

0.27 

12.5 

27.5 

75 

674 

182 

.... 

150 

1.03 

12.5 

37.5 

75 

112 

116 

2-1220 

This  gives  about  1200  X  10**  kg-m.  as  the  total  available 
potential  energy,  which  is  equal  to  380  million  kilowatts  (24 
hour  service).  Assuming  now  an  efficiency  of  60  per  cent  from 
the  stream  to  the  distribution  center,  gives  230  million  kilo- 
watts (24  hour  service)  as  the  maximum  possible  hydroelectric 
power,  which  could  be  produced,  if  every  river,  stream,  brook  or 
little  creek  throughout  its  entire  length,  from  the  Spring  to  the 
ocean,  and  during  all  seasons,  including  all  the  waters  of  the 
freshets,  were  used  and  could  be  used.  It  would  mean  that 
there  would  be  no  more  running  water  in  the  country,  but 
stagnant  pools  connected  by  pipe  lines  to  turbines  exhausting 
into  the  next  lower  pool.  Obviously,  we  could  never  hope  to 
develop  more  than  a  part  of  this  power. 
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C.    Discussion 

It  is  interesting  to  note  that  the  maximum  possible  hydraulic 
energy  of  230  million  kilowatts,  is  little  more  than  the  total 
energy  which  we  now  produce  from  coal,  and  is  about  equal  to 
the  present  total  energy  consumption  of  the  country,  including 
all  forms  of  energy. 

This  was  rather  startling  to  me.  It  means  that  the  hope  that 
when  coal  once  begins  to  fail  we  may  use  the  water  powers  of 
the  country  as  the  source  of  energy,  is  and.must  remain  a  dream, 
because  if  all  the  potential  water  powers  of  the  country  were 
now  developed,  and  every  rain  drop  used,  it  would  not  sup- 
ply our  present  energy  demand. 

Thus  hydraulic  energy  may  and  should  supplement  that  of 
coal,  but  can  never  entirely  replace  it  as  a  source  of  energy.  This 
probably  is  the  strongest  argument  for  efforts  to  increase  the 
eflSciency  of  our  methods  of  using  coal. 

A  source  of  energy  which  is  practically  unlimited,  if  it  could 
only  be  used,  is  solar  radiation.  The  solar  radiation 
at  the  earth's  surface  is  estimated  at  1.4  cal.  per  cm.*  per 
min.  Assuming  50  per  cent  cloudiness,  this  would  give  an 
average  throughout  the  year  (24  hours  per  day),  of  about  0.14 
cal.  per  cm.*  horizontal  surface  per  min.,  and  on  the  total  area 
considered  in  the  preceding  table,  of  8.3  million  square  kilometers 
of  North  America  between  30  and  50  latitude,  a  total  of  approxi- 
mately 800,000  million  kilowatts  (24  hour  service),  or  a  thousand 
times  as  much  as  the  total  chemical  energy  of  our  coal  con- 
sumption; 800  times  as  much  as  the  potential  energy  of  the 
total  rainfall. 

Considering  that  the  potential  energy  of  the  rainfall  from 
surface  level  to  sea  level,  is  a  small  part  of  the  potential  energy 
spent  by  solar  radiation  in  raising  the  rain  to  the  clouds,  and  that 
the  latter  is  a  small  part  of  the  total  solar  radiation,  this  is 
reasonable. 

Considering  only  the  2.7  million  square  kilometers  of  Table 
III,  which  are  assumed  as  unsuited  for  agriculture,  and  assuming 
that  in  some  future  time,  and  by  inventions  not  yet  made,  half 
of  the  solar  radiation  could  be  collected,  this  would  give  an  energy 
production  of  130,000  million  kilowatts. 

Thus,  even  if  only  one-tenth  of  this  could  be  realized,  or 
13,000  million  kilowatts,  it  would  be  many  times  larger  than  all 
the  potential  energy  of  coal  and  water.  Here  then  would  be 
the  great  source  of  energy  for  the  future. 
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II.  Hydroelectric  Station 
A.    The  Modern  Synchronous  Generator  Station 

In  developing  the  country's  water  powers,  up  to  the  present 
time  only  those  of  greatest  energy  concentration  have  been  con- 
sidered; that  is,  those  where  a  large  volume  and  a  considerable 
head  of  water  was  available  within  a  short  distance. 

This. led  to  the  present  type  of  hydroelectric  generating 
station,  as  best  solving  the  problem.  The  equipment  of  such  a 
station   comprises   the   following   apparatus: 

Three-phase  synchronous  direct-connected  generators. 

Hydraulic  turbines  of  the  highest  possible  efficiency. ' 

Hydraulic  turbine  speed  governing  mechanism. 

An  exciter  plant  comprising  either  exciters  directly  connected 
to  the  generators,  or  several  separate  exciter  machines,  con- 
nected to  separate  turbines. 

Exciter  bus  bars. 

Voltmeter,  and  ammeters  in  exciters  and  in  alternator  field 
circuits. 

Field  rheostats  of  the  alternators. 

Low-tension  busbars,  either  in  duplicate,  or  with  transfer  or 
synchronizing  bus. 

Circuit  breakers  between  generators  and  busbars,  usually 
non-automatic. 

Circuit  breakers  between  transformers  and  busbars,  usually 
automatic,  with  time  limit. 

Voltmeters  and  potential  transformers  at  the  generators. 

Synchronoscopes  or  other  synchronizing  devices. 

Ammeters  and  current  transformers  at  the  generators. 

Voltmeter  and  potential  transformer  at  the  busbars. 

Ammeters  and  current  transformers  at  the  step-up  trans- 
formers. 

Totaling  ammeter  for  the  station  output. 

Integrating  wattmeter. 

Relays,  interlocking  devices  etc.,  etc. 

Step-up  transformers. 

High-tension  busbars,  possibly  in  duplicate. 

High-tension  circuit  breakers  between  transformers  and  high- 
tension  busbars. 

High-tension  circuit  breakers  between  high-tension  busbars 
and  lines. 

Lightning  arresters  in  the  transmission  lines,  with  inductances 
etc. 


Digitized  by  VjOOQ IC 


1918]  STEINMETZ:  AMERICA'S  ENERGY  SUPPLY  993 

Ground  detectors,  arcing-ground  or  short-circuit  suppressors, 
voltage  indicators  etc. 

Automatic  recording  devices  (multi-recorder),  rarely  used 
though  very  desirable. 

Due  to  the  vast  amount  of  energy  controlled  by  modern 
stations,  the  auxiliary  and  controlling  devices  in  these  stations 
have  become  so  numerous  as  to  make  the  station  a  very  complex 
structure,  requiring  high  operating  skill  and  involving  high 
cost  of  installation.  At  the  same  time,  not  only  are  all  these 
devices  necessary  for  the  safe  operation  of  the  station,  but  we 
must  expect  that  with  the  further  increase  of  capacity  of  our 
electric  systems,  additional  devices  will  become  necessary  for 
safe  and  reliable  operation.  One  such  device  I  have  already 
mentioned — automatic  recording  apparatus,  such  as  the  multi- 
recorder. 

With  this  type  of  station,  it  is  obviously  impossible,  in  most 
cases,  to  develop  water  powers  of  small  and  moderate  size.  A 
generating  station  of  a  thousand  horse  power  will  rarely,  and 
one  of  a  hundred  horse  power  will  hardly  ever  be  economical. 

On  the  other  hand,  a  hundred  horse  power  motor  installation 
is  a  good  economical  proposition,  and  the  average  size  of  all  the 
motor  installations  is  probably  materially  below  one  hundred 
horse  power. 

Looking  over  Tables  II  and  III,  especially  the  latter,  in  the 
preceding  section,  it  is  startling  to  see  how  large  a  part  of  the 
potential  water  power  of  the  country  is  represented  by  com- 
paratively small  areas  of  high  elevation,  in  spite  of  the  relatively 
low  rainfall  of  these  areas.  As  most  of  these  areas  are  at  con- 
siderable distance  from  the  ocean,  most  of  the  streams  are  small 
in  volume.  That  is,  it  is  the  many  thousands  of  small  mountain 
streams  and  creeks,  of  relatively  small  volume  of  flow,  but  high 
gradients,  affording  fair  heads,  which  apparently  make  up  the 
bulk  of  the  country's  potential  water  power. 

Only  a  small  part  of  the  country's  hydraulic  energy  is  found 
so  concentrated  locally  as  to  make  its  development  economically 
feasible  with  the  present  type  of  generating  station. 

Therefore,  some  different,  and  very  much  simpler  type  of  generat- 
ing station  must  be  evolved,  before  we  can  attempt  to  develop  econom- 
ically these  many  thousands  of  small  hydraulic  powers,  to  collect 
the  power  of  the  mountain  streams  and  creeks. 


Digitized  by  VjOOQ IC 


994  STEINMETZ:  AMERICA'S  ENERGY  SUPPLY    IJune27 

B.  Simplification  op  Hydroelectric  Station 
In  the  following  in  discussing  the  simplification  of  the  hydro- 
electric station  to  adapt  it  to  the  utilization  of  smaller  powers, 
we  limit  ourselves  to  the  case  where  the  smaller  hydraulic  stations 
feed  into  a  system  containing  some  large  hydraulic  or  steam 
turbine  stations,  to  which  the  control  of  the  system  may  be 
relegated. 

1.  We  may  eliminate  the  low-tension  bus  bars,  with  generator 
circuit  breakers  and  transformer  low-tension  circuit  breakers  and 
connect  each  generator  directly  to  its  corresponding  transformer 
making  one  unit  of  generator  and  transformer,  and  do  the 
switching  on  high-tension  busbars,  and  locating  high-tension 
busbars  and  circuit  breakers  outdoors.  While  it  is  dangerous  to 
transformers  to  switch  on  the  high-tension  side,  due  to  the 
possibility  of  cumulative  oscillations,  this  danger  is  reduced  by 
the  permanent  connection  of  the  transformer  with  the  generator 
circuit,  and  is  less  with  the  smaller  units  used  in  small  power 
stations,  and  thus  permissible  in  this  case. 

However,  the  simplification  resulting  therefrom  is  not  so  great, 
as  ammeters,  voltmeters  and  synchronizing  devices  with  their 
transformers  are  still  retained  on  the  low-tension  circuits. 

2.  As  it  is  not  economical  to  operate  at  partial  load,  proper 
operation  of  a  hydraulic  station  on  a  general  system  is,  to  operate 
as  many  \mits  fully  loaded  as  there  is  water  available,  and  in- 
crease or  reduce  the  number  of  units  (of  turbine,  generator  and 
transformer,  permanently  joined  together),  with  the  changing 
amount  of  available  water,  thus  using  all  the  available  energy  of 
the  water  power. 

In  this  case,  the  turbine  governors,  with  their  more  or  less 
complex  hydraulic  machinery,  may  be  omitted.  If  then  the 
generators  are  suddenly  shut  down  by  a  short  circuit  which 
opens  the  circuit  breakers,  the  turbines  will  race  and  run  up  to 
their  free  running  speed,  until  the  gates  are  shut  by  hand.  How- 
ever, generators,  and  turbines  must  stand  this,  as  even  with  the 
use  of  governors,  the  turbines  may  momentarily  run  up  to  their 
free  speed  in  case  of  a  sudden  opening  of  the  load,  before  the 
governors  can  cut  off  the  water.  Where  this  is  not  desirable 
some  simple  excess  speed  cut-off  may  be  used. 

3.  When  dropping  the  governing  of  the  turbines,  and  running 
continuously  at  full  load,  the  question  may  be  raised  whether 
generator  ammeters  are  necessary,  as  the  load  is  constant,  and  is 
all  the  power  the  water  can  give,  and  it  might  appear,  that  am- 
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meters  with  their  current  transformers,  etc.  could  be  omitted. 
However,  with  synchronous  generators,  the  current  depends  not 
only  on  the  load,  but  also  on  the  power  factor  of  the  load  and 
with  excessively  low  power  factor  due  to  wrong  excitation,  the 
generators  may  be  overheated  by  excess  current,  while  the 
power  load  is  well  within  their  capacity.  Thus  ammeters  are 
necessary  with  synchronous  generators.  As  soon,  however,  as 
we  drop  the  use  of  synchronous  generators,  and  adopt  in- 
duction generators,  the  ammeters  with  their  current  trans- 
formers may  be  omitted,  since  the  current  and  its  power 
factor  is  definitely  fixed  by  the  load.  At  the  same  time,  sjm- 
chronizing  devices  become  unnecessary,  together  with  potential 
transformers,  generator  voltmeters,  etc.  A  station  voltmeter 
may  be  retained  for  general  information,  but  it  not  necessary 
either,  as  the  voltage  and  frequency  of  the  induction-generator 
station  are  fixed  by  the  controlling  synchronous  main  station  of 
the  system. 

4.  With  the  adoption  of  the  induction  generator,  the  entire 
exciter  plant  is  eliminated,  as  the  induction  generator  is  excited 
by  lagging  currents  received  from  synchronous  machines,  trans- 
mission lines  and  cables  existing  in  the  system.  This  avoids  the 
use  of  exciter  machines,  exciter  busses,  ammeters,  voltmeters, 
alternator  field  rheostats,  etc.,  in  short,  most  of  the  auxiliaries 
of  the  present  synchronous  station  become  unnecessary. 

The  solution  of  the  problem  of  the  economic  development  of 
smaller  water  powers  is  the  adoption  of  the  induction  generator. 

Stripped  of  all  unnecessary  equipment,  the  smaller  hydro- 
electric station  thus  would  comprise: 

Hydraulic  turbines  of  simplest  form,  continuously  operating 
at  full  load,  without  governors. 

Low-voltage  induction  generators  direct  connected  to  the 
turbines. 

Step-up  transformers  direct  connected  to  the  induction 
generators. 

High-tension  circuit  breakers  connecting  the  step-up  trans- 
formers to  the  transmission  line.  In  smaller  stations,  even 
these  may  be  dispensed  with  and  replaced  by  disconnecting 
switches  and  fuses. 

Lightning  arresters  on  the  transmission  line  where  the  cli- 
matic or  topographical  location  makes  such  necessary. 

A  station  voltmeter,  a  totalling  ammeter  or  integrating  watt- 
meter and  a  frequency  indicator  may  be  added  for  the  informa- 
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tion  of  the  station  attendant,  but  are  not  necessary,  as  voltage, 
current,  output  and  frequency  are  not  controlled  from  the  in- 
duction generator  station,  but  from  the  main  station,  or  deter- 
mined by  the  available  water  supply. 

It  is  interesting  to  compare  this  induction  generator  station 
lay-out  with  that  of  the  modem  synchronous  station  given  above. 
However,  it  must  not  be  forgotten  that  ihe  simplicity  of  the  in- 
duction generator  station  results  from  the  relegation  of  all  the 
functions  of  excitation,  regulation  and  control,  to  the  main  syn- 
chronous stations  of  the  system,  and  the  induction  generator 
stations  thus  are  feasible  only  as  adjuncts  to  at  least  one  large 
synchronous  station,  hydraulic  or  steam  turbine,  in  the  system, 
but  can  never  replace  the  present  synchronous  generator  stations 
in  their  present  field  of  application. 

C.    Automatic  Generating  Stations 

With  the  enormous  simplification  resulting  from  the  use  of 
the  induction  generator,  it  appears  entirely  feasible  to  make 
smaller  hydroelectric  generating  stations  entirely  automatic, 
operating  without  attendance  beyond  occasional — weekly  or 
daily — inspection. 

Such  an  automatic  generating  station  would  comprise  a  tur- 
bine with  low-voltage  induction  generator,  housed  under  a  shed, 
and  a  step-up  transformer,  outdoors,  connecting  into  the  trans- 
mission line  with  time  fuses  and  disconnecting  switches. 

It  is  true  that  in  the  big  synchronous  generating  stations  of 
thousands  of  kilowatts,  the  cost  of  the  auxiliaries,  as  exciter 
plant,  regulating  and  controlling  devices,  etc.,  is  only  a  small 
part  of  the  total  station  cost,  and  little  would  therefore  be  saved 
by  the  use  of  induction  generators.  No  induction  generators 
would,  however,  be  used  for  such  stations.  But  the  cost  of  auxil- 
iaries and  controlling  devices,  and  the  cost  of  the  required 
skilled  attendance,  decreases  far  less  with  decreasing  station  size 
than  that  of  the  generators — whether  synchronous  or  induction 
— or  in  other  words,  with  decreasing  size  of  the  station,  per 
kilowatt  output,  the  cost  of  auxiliaries  and  controlling  devices 
and  of  attendance  increases  at  a  far  greater  rate  than  that  of 
the  generators,  and  very  soon  makes  the  synchronous  station 
of  the  present  type  uneconomical. 

It  is  also  true  that  in  the  big  modem  hydraulic  power  systems, 
the  cost  of  the  generating  station  usually  is  a  small  part  of  the 
cost  of  the  hydraulic  development.     Therefore  any  saving  in 
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the  cost  of  the  generating  station  would  be  of  little  influence  in 
determining,  whether  the  hydraulic  development  would  be  eco- 
nomical. With  decreasing  size  of  the  water  power  the  cost  of  the 
hydraulic  development  per  kilowatt  output  usually  increases  so 
rapidly  as  very  soon  to  make  the  development  of  the  water  power 
uneconomical,  no  matter  how  simple  and  cheap  the  station  is. 

However,  the  value  of  the  induction  generator  is  not  so  much 
in  the  reduction  of  the  cost  of  the  generating  station,  as  in  the 
reduction  of  the  cost  of  the  hydraulic  development,  by  making 
it  possible  to  apply  to  the  electric  generator  the  same  principle, 
which  has  made  the  electric  motor  economically  so  successful: 
Collect  the  power  electrically,  just  as  we  distribute  it  electrically. 

We  do  not,  as  in  the  days  of  the  steam  engine,  convert  the 
electric  power  into  mechanical  power  at  one  place,  by  one  big 
motor,  and  distribute  the  power  mechanically,  by  belts  and  shafts, 
but  we  distribute  the  power  electrically,  by  wires,  and  convert 
the  electric  power  to  mechanical  power,  wherever  mechanical 
power  is  needed,  by  individual  motors  throughout  mill  and 
factory. 

In  the  same  way  we  must  convert  the  hydraulic,  that  is, 
mechanical  power  into  electrical  power  by  individual  generators 
located  along  the  streams  or  water  courses  within  the  territory, 
wherever  power  is  available,  and  then  collect  this  power  elec- 
trically, by  medium-voltage  collecting  lines  and  high-voltage 
transmission  lines,  and  so  eliminate  most  of  the  cost  of  the 
hydraulic  development,  to  solve  the  problem  of  the  economical 
utilization  of  the  country's  water  powers.  If  we  attempt  to 
collect  the  power  mechanically,  that  is,  by  a  hydraulic  develop- 
ment gathering  the  waters  of  all  the  streams  and  creeks  of  a 
territory  together  into  one  big  station,  and  there  convert  it  in- 
to electric  power,  the  cost  of  the  hydraulic  development  makes  it 
economically  hopeless  except  under  unusually  favorable  con- 
ditions, where  a  very  large  amount  of  power  is  available  within  a 
limited  territory,  or  where  nature  has  done  the  work  for  us  in 
gathering  considerable  power  at  a  waterfall,  etc. 

It  is  the  old  problem,  and  the  old  solution:  If  you  want  to  do 
it  economically y  do  it  electrically. 

Naturally  then,  we  would  use  induction  generators  in  these 
small  individual  stations  just  as  we  use  induction  motors  in 
individual  motor  installations;  but  where  large  power  is  avail- 
able, there  is  the  field  of  the  synchronous  generator,  and  the  in- 
duction generator  is  undesirable,  just  as  the  synchronous  motor 
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is  preferable   where  large   power  is  required — ^unless  the    syn- 
chronous  motor  is  excluded  by  conditions  of  starting  torque,  etc. 

At  first,  and  for  some  time  to  come,  we  would  not  consider 
going  to  anywhere  near  as  small  sizes  of  induction  generators,  as 
we  do  in  induction  motors.  However,  there  are  undoubtedly 
many  millions  of  kilowatts  available  in  water  powers  throughout 
the  country,  which  can  be  collected  by  induction-generator 
stations  from  50  h.p.  upwards,  and  that  at  fair  heads,  requiring 
no  abnormal  machine  design  (no  very  low  speed). 

Consider  an  instance — a  New  England  mill  river  with  a  de- 
scent, in  its  upper  course,  of  about  1100  ft.  (335  m.)  within  five 
miles  (eight  km.),  of  varying  gradient.  At  three  places,  where 
the  gradient  is  steepest,  by  a  few  hundred  feet  of  cast  iron  pipe 
and  a  small  dam  of  20  to  30  ft.  (6  to  9  m.)  length  and  a  few  feet 
height — ^just  enough  to  cover  the  pipe  intake — an  average  head 
of  150  ft.  (45  m.)  can  be  secured,  giving  an  average  of  75  h.p. 
each,  or  a  total  of  225  h.p.  or  170  kw.  This  would  use 
somewhat  less  than  half  the  total  potential  power.  The  de- 
velopment of  the  other  half,  requiring  greater  length  of  pipe 
line,  or  involving  lower  heads,  would  be  left  to  meet  future  de- 
mands for  additional  power. 

The  installation  of  an  electric  system  of  170  kw.  would 
hardly  be  worth  while,  but  there  are  numerous  other  creeks 
throughout  the  territory  from  which  to  collect  power,  and  within 
a  few  miles  passes  a  high  potential  transmission  line,  coming  from 
a  big  synchronous  station,  into  which  the  power  collecting  lines 
coming  from  the  induction  generator  stations  would  be  tied  and 
from  which  they  would  be  controlled. 

Thus,  the  large  modem  synchronous  station  has  its  field,  and 
is  about  as  perfect  as  we  know  how  to  build  for  large  concen- 
trated powers;  but  beyond  this,  there  is  a  vast  field,  and  there- 
fore an  economic  necessity  of  the  development  of  a  different  type  of 
hydraulic  generating  station  to  collect  the  scattered  water  powers  of 
the  country;  and  that  is  the  induction  generator  station,  to  which 
I  wish  to  draw  the  attention. 

I  must  caution,  however,  not  to  mistake  small  power  and  low 
head  power.  There  are  on  the  lower  courses  of  our  streams 
some  hydraulic  powers,  which  are  relatively  small  due  to  their 
low  heads,  and  which  can  not  be  economically  developed  by  the 
synchronous  generator,  due  to  the  low  head  and  correspondingly 
low  speed.  The  designing  characteristics  of  the  induction 
generator,  with  regard  to  low-speed  machines,  are  no  better — if 
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anything  rather  worse— than  those  of  the  synchronous  generator, 
and  the  problem  of  the  economical  utilization  of  the  low-head 
water  power  still  requires  solution.  It  is  not  solved  by  the  in- 
duction generator;  the  latter's  characteristic  is  simplicity  of  the 
station,  giving  the  possibility  of  numerous  small  automatic 
generating  stations. 

III.  Induction  Generator  Station 

A.    Characteristics  of  Induction  Generator 

An  induction  motor  at  no  load  runs  at,  or  rather  very  close  to 
sjoichronism.  If  it  is  driven  above  synchronism  by  mechanical 
power,  current  and  power  again  increase,  but  the  electric  power 
is  outflowing,  and  the  induction  machine  consumes  mechanical 
power,  and  generates  electrical  power,  as  an  induction  generator. 

The  maximum  electrical  power,  which  an  induction  machine 
can  generate  as  an  induction  generator  is  materially  larger  than 
the  maximum  mechanical  power,  which  the  same  machine,  at 
the  same  terminal  voltage,  can  produce  as  an  induction  motor. 

Resolving  the  current  of  the  induction  machine  into  an  energy 
component  and  a  wattless  or  reactive  component,  the  energy 
current  is  inflowing,  representing  consumption  of  electric  power 
(which  is  converted  to  mechanical  power)  below  synchronism. 
It  becomes  zero  near  synchronism,  and  above  synchronism  the 
energy  current  is  in  the  reverse  direction,  or  outflowing,  supply- 
ing electric  power  to  the  system  (which  is  produced  from  the 
mechanical  power  input  into  the  machine),  and  the  induction 
machine  then  is  a  generator. 

The  wattless  or  reactive  component  is  a  minimum  at  synchron- 
ism, and  increases  with  the  slip  from  synchronism,  and  is  in  the 
same  direction,  whether  the  slip  is  below  synchronism,  as  a 
motor,  or  above  synchronism,  as  a  generator.  That  is,  the  in- 
duction machine  always  consumes  a  lagging  current  (represent- 
ing the  exciting  current  and  the  reactance  voltages),  or,  what 
amounts  to  the  same,  produces  a  leading  current.  The  latter 
way  of  putting  it  is  frequently  used  with  induction  generators, 
by  saying  that  the  current  produced  by  the  induction  generator 
is  leading,  while  the  current  consumed  by  the  induction  motor 
is  lagging.  Instead  of  saying  however,  that  the  reactive  com- 
ponent of  the  current  generated  by  the  induction  generator  is 
leading,  we  may  say,  and  this  makes  it  often  more  intelligible, 
that  the  induction  generator  generates  an  energy  current  and  con- 
sumes a  lagging  reactive  current,  while  the  induction  motor  con- 
sumes an  energy  current  and  consumes  a  reactive  lagging  current. 
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As  with  the  increasing  voltages  and  increasing  extent  of  our 
transmission  systems  the  leading  cturents  taken  by  transmission 
lines  and  imderground  cables  are  becoming  increasingly  larger, 
the  induction  generator  appears  specially  advantageous,  as 
tending  to  offset  the  effect  of  line  capacity.  We  may  thus 
say  that  the  induction  generator  (and  induction  motor) 
consumes  a  lagging  reactive  current,  which  is  supplied  by  the 
synchronous  generators,  synchronous  motors,  converters  and 
other  synchronous  apparatus  in  the  system,  and  by  the  capacity 
of  lines  and  cables.  Or  we  may  say  that  the  lagging  current  con- 
sumed by  the  induction  generator  neutralizes  the  leading  current 
consumed  by  the  capacity  of  Hues  and  cables.  Or  we 
may  say  that  the  leading  current  produced  by  the  induction 
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generator  supplies  the  capacity  of  lines  and  cables:  these  are 
merely  three  different  ways  of  expressing  the  same  facts. 

In  Fig.  2  are  shown  the  torque  curves,  at  constant  terminal 
voltage,  of  a  typical  moderate  size  induction  machine.  M  is  the 
torque  produced  as  an  induction  motor  below  synchronism,  and 
G  the  torque  consumed  as  an  induction  generator  above  syn- 
chronism, synchronism  being  chosen  as  100  per  cent.  7"  is  an 
assumed  torque  curve  of  a  hydraulic  turbine. 

As  seen,  the  point  P  where  G  and  7"  intersect,  is  4  per  cent 
above  synchronism,  and  this  induction  generator  thus  operates 
on  full  load  at  4  per  cent  slip  above  synchronism  or  no-load.  As- 
suming now,  that  the  power  goes  off,  by  the  circuit  breakers 
opening.     The  turbine  then  speeds  up  to  80  per  cent  above 
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synchronism,  where  the  curve  T  becomes  zero.  If  at  this  free 
running  turbine  speed  the  circuit  is  closed  and  voltage  put  on 
the  induction  generator,  the  high  torque  consumed  by  the  in- 
duction generator  causes  the  turbine  to  slow  down,  and  as  at 
all  speeds  above  104,  the  torque  consumed  by  the  induction 
generator  is  very  much  higher  than  that  given  by  the  turbine, 
the  machine  slows  down  rapidly,  to  the  speed  where  the  induction 
generator  torque  has  fallen  to  equality  with  the  turbine  torque, 
at  speed  104,  and  stable  condition  is  restored. 

Inversely,  if  the  flow  of  water  should  cease,  the  induction 
machine  slows  down  to  a  little  below  synchronism,  and  there 
continues  to  revolve  as  induction  motor. 

In  starting,  the  circuit  may  be  closed  before  admitting  the 
water,  and  the  turbine  started  by  the  induction  machine  as  a 
motor,  on  the  torque  curve  M,  running  up  to  speed  100,  and  then, 
by  admitting  the  water,  the  machine  is  speeded  up  4  per  cent 
more  and  thereby  made  to  take  the  load  as  generator.  Or  the 
turbine  may  be  started  by  opening  the  gates,  nmning  up  to  speed 
180,  and  then,  by  closing  the  circuit,  the  induction  machine  in 
taking  the  power  slows  the  speed  down  to  normal. 

With  larger  machines,  the  most  satisfactory  way  of  starting 
as  involving  the  least  disturbance,  probably  would  be,  first  to 
open  the  gates  partly  while  the  turbine  speeds  up,  and  when  it 
has  reached  a  speed  in  the  neighborhood  of  synchronism,  say 
between  95  and  105,  the  circuit  is  closed  and  the  water  gates 
opened  fully. 

B.  Instability  Conditions  of  Induction  Generator 
In  Fig.  2,  the  torque  consumed  by  the  induction  machine,  at 
all  turbine  speeds  above  full  load  P,  is  much  higher  than  the 
torque  of  the  tiu-bine.  However,  the  induction  generator  torque 
curve  has  a  concave  range,  marked  by  C,  and  if  the  induction 
generator  should  be  such  as  to  bring  the  generator  torque  curve 
at  C  below  the  turbine  torque  curve  T,  the  speed,  when  once  in- 
creased beyond  the  range  C,  would  not  spontaneously  drop  back 
to  normal.  While  in  Fig.  2,  C  is  much  higher  than  T,  Fig.  C 
represents  the  theoretical,  but  not  real  case  of  constant  terminal 
voltage  at  the  induction  machine.  The  voltage  however  is  kept 
constant  at  the  controlling  synchronous  main  station,  and  thus 
must  vary  with  the  load  in  the  induction  generator  station. 
Assuming  an  extreme  case,  of  10  per  cent  resistance  and  20  per 
cent  reactance  in  the  line  from  the  induction  machine  station  to 
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the  next  synchronism  station,  we  get  the  modified  torque  curve 
shown  in  Fig.  3.  As  seen,  at  full  load  P,  there  is  practically  no 
change;  about  4  per  cent  slip  above  synchronism.  The  maxi- 
mirni  torque  of  generator  G  and  motor  M,  and  the  torque  at  the 
concave  part  of  the  induction  generator  curve,  C,  have  greatly 
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Pig.  3 — Small  Hydroelectric  Induction  Generator  Plant — Con- 
stant Voltage  in  Synchronous  Station 


decreased.     However,  C  is  still  above  T,  that  is,  even  under  this 
extreme  assumption,  the  induction  generator  would  pull  the 
turbine  down  from  its  racing  speed  of  180,  to  the  normal  full 
load  speed  of  104,  though  the  margin  has  become  narrow. 
Assuming  however  an  induction  machine  with  much  less  slip, 
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Pig.  4 — Large  Hydroelectric  Induction  Generator  Plant — Con- 
stant Terminal  Voltage 

with  only  half  the  rotor  resistance  of  Figs.  2  and  3.  At  con- 
stant terminal  voltage,  this  gives  the  curves  shown  in  Fig.  4. 
The  full  load  P  is  at  speed  102,  or  2  per  cent  above  synchronism, 
and  while  the  curve  branch  C  is  much  lower,  the  conditions  are 
still  perfectly  stable.    Assuming  however,  with  this  type  of  low 
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resistance  rotor,  a  high  line  impedance,  10  per  cent  resistance 
and  20  i>er  cent  reactance,  as  in  Fig.  3.  We  then  get  the  con- 
dition shown  in  Fig.  5.  The  range  C  drops  below  T,  and  the 
induction  generator  torque  curve  G  intersects  the  turbine  torque 
curve  T  at  three  points:  P,  Pi  and  Pj.  Of  these  three  theoretical 
running  speeds,  P  =  102,  Pi  =  169  and  Pj  =  1 13.5,  two  are  stablei, 
P  and  Pi;  while  the  third  one,  Pj,  is  unstable,  and  from  Pj,  the 
speed  must  either  decrease,  reaching  stability  at  the  normal  full 
load  point  P,  or  the  machine  speed  up  to  Pi. 

If  with  the  conditions  represented  by  Fig.  5,  the  turbine 
5hotdd — ^by  an  opening  of  the  circuit  for  instance — ^have  speeded 
up  to  its  free  running  speed  180,  closing  the  circuit  does  not  bring 
the  speed  back  to  normal,  P,  but  the  machines  slow  down  only 
to  speed  Pi,  where  stability  is  reached,  at  very  little  output  and 
very   large  lagging  currents  in  the  induction  generator.      To 
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Fig.  5 — Largb  Hydroelectric  Induction  Generator  Plant — Con- 
stant Voltage  in  Synchronous  Main  Station 


restore  normal  condition  then  would  require  shutting  off 
the  water,  at  least  sufficiently  to  drop  the  turbine  torque 
curve  T  below  C,  and  then  letting  the  machines  slow  down 
to  synchronism.  They  would  not  go  below  synchronism,  even 
with  the  water  gates  entirely  closed,  as  the  induction  machine  as 
a  motor,  on  curve  Jlf,  holds  the  speed. 

A  solution  in  the  case  Fig.  5  would  be  the  use  of  a  simple  ex- 
cess speed  governor,  which  cuts  off  the  water  at  5  to  10  per  cent 
above  synchronism. 

However,  the  possibility  of  diffictilty  due  to  the  "dropping  out 
of  the  induction  generator"  as  we  may  call  it  in  analogy  to  the 
dropping  out  of  the  induction  motor,  are  rather  less  real  than  it 
appears  theoretically.  In  smaller  stations,  such  as  would  be 
oi>erated  without  attendance,  as  automatic  stations,  the  torque 
curve  of  the  induction  generator,  as  a  small  machine,  would  be 
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of  the  character  of  Figs.  2  and  3,  and  thus  not  liable  to  this 
difficulty.  The  low  resistance  type  of  induction  machines,  as 
represented  in  Figs.  4  and  5,  may  be  expected  only  with  the 
larger  machines,  used  in  larger  stations.  In  those,  some  attend- 
ant would  be  present  to  close  the  water  gates  in  case  of  the  cir- 
cuit breakers  opening,  or  a  simple  cheap  excess  speed  cut-off 
would  be  installed  at  the  turbines,  keeping  them  within  10  per 
cent  of  synchronism,  and  within  this  range,  no  dropping  out  of 
the  induction  generator  can  occur. 

It  is  desirable  however  to  realize  this  speed  range  of  possible 
instability  of  the  induction  generator,  so  as  to  avoid  it  in  the 
design  of  induction  generators  and  stations. 

APPENDIX 

Collection  of  Fuel  Power  by  Steam  Turbine  Induction  Generator 

A.     The  Automatic  Steam  Turbine  Induction  Generator 

Station 

The  same  reason  which  in  the  preceding  led  to  the  conclusion 
that  in  the  (automatic)  induction  generator  station  is  to  be  found 
the  solution  of  the  problem. of  collecting  the  numerous  small 
amounts  of  hydraulic  energy,  which  are  scattered  throughout 
our  country  along  creeks  and  mountain  streams,  also  applies, 
and  to  the  same  extent,  to  the  problem  of  collecting  the  in- 
numerable small  quantities  of  mechanical  or  electrical  energy, 
which  are,  or  can  be  made  available  wherever  fuel  is  consumed 
for  heating  purposes.  Of  the  hundred  millions  tons  of  coal, 
which  are  annually  consumed  for  heating  purposes,  most  is  used 
as  steam  heat.  Suppose  then,  we  generate  the  steam  at  high 
pressure — as  is  done  now  in  many  cases  for  reasons  of  heat- 
ing economy — and  interpose  between  steam  boiler  and  heating 
system  some  simple  form  of  high  pressure  steam  turbine, 
directly  connected  to  an  induction  generator,  and  tie  the  latter 
into  the  general  electrical  power  distribution  system.  When- 
ever the  heating  system  is  in  operation,  electric  power  is  gen- 
erated, as  we  may  say  as  "by-product''  of  the  heating  plant,  and 
fed  into  the  electric  system. 

The  power  would  not  be  generated  continuously,  but  mainly 
in  winter,  and  largely  during  the  day  and  especially  the  evening. 
That  is,  the  maximum  power  generation  by  such  fuel  power 
collecting  plant  essentially  coincides"  with  the  lighting  peak  of  the 
central  station,  thus  occurs  at  the  time  of  the  day,  and  the 
season  when  power  is  most  valuable.    The  effect  of  such  fuel 
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power  collection  on  the  central  station  should  result  in  a  material 
improvement  of  the  station  load  factor,  by  cuttnig  off  the  light- 
ing peaks. 

The  only  difference  between  such  steam  turbine  induction 
generator  stations,  collecting  the  available  fuel  power  scattered 
throughout  the  cities  and  towns,  and  the  hydraulic  induction 
generator  stations  collecting  the  powers  of  the  streams  through- 
out the  country,  is  that  in  the  steam  turbine  plant  an  excess 
speed  cut-off  must  be  provided,  as  the  free  running  steam  turbine 
speed  is  usually  not  limited  to  less  than  double  speed,  as  is  the 
case  with  the  hydraulic  turbine.  Otherwise  however,  no  speed 
governing  is  required.  A  further  difference  is,  that  the  greater 
simplicity  and  therefore  lower  investment  of  the  steam  turbine 
plant  would  permit  going  down  to  smaller  powers,  a  few  kilowatts 
perhaps. 

It  is  interesting  to  note,  that  even  with  a  very  ineflScient 
steam  turbine,  the  electric  generation  of  such  fuel  power  collect- 
ing plant  interposed  between  boiler  and  heating  system,  takes 
place  with  practically  100  per  cent  efficiency,  because  whatever 
energy  is  wasted  by  the  inefficiency  of  the  steam  turbine  plant, 
remains  as  heat  in  the  steam,  and  the  only  loss  is  the  radiation 
from  turbine  and  generator,  and  even  this  in  most  cases  is  useful  in 
heating  the  place  where  the  plant  is  located.  The  only  advan- 
tage of  a  highly  efficient  turbine,  is  that  larger  amounts  of  electric 
power  can  be  recovered  from  the  fuel,  and  the  question  thus  is 
that  between  the  investment  in  the  plant,  and  the  value  of  the 
recovered  power. 

If  then  the  total  efficiency,  from  the  chemical  energy  of  the 
fuel  to  the  electric  power,  were  only  3  per  cent,  it  would  mean  that 
3  per  cent  more  coal  would  have  to  be  burned,  to  feed  the  same 
heat  units  into  the  heating  system.  At  an  average  energy  value 
of  30,000  kj.  per  kg.  of  coal,  this  would  give  per  ton  of  coal, 
900,000  kj.  or  260  kw-hr.  At  a>ulk  value  of  3^  cent  per  kw-hr. 
it  would  represent  a  power  recovery  value  of  $1.25  per  ton  of 
coal.  This  is  quite  considerable,  more  than  sufficient  to  pay  the 
interest  on  the  investment  in  the  very  simple  plant  required. 

At  first,  the  steam  turbine  induction  generator  plant,  proposed 
for  the  collection  of  fuel  power,  would  appear  similar  to  the 
isolated  plant  which,  though  often  proved  uneconomical,  still 
has  successfully  maintained  its  hold  in  our  northern  latitudes, 
where  heating  is  necessary  through  a  considerable  part  of  the 
year.     However,  the  difference  between  the  steam  turbine  in- 
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duction  generator  plant  and  the  isolated  steam  electric  plants  in 
our  cities,  is  the  same  as  that  between  the  automatic  hydro- 
electric induction  generator  station,  and  the  present  standard 
synchronous  generator  station:  by  getting  rid  of  all  the  com- 
plexity and  complication  of  the  latter,  the  induction  generator 
station  becomes  economically  feasible  in  small  sizes;  but  it  does  so 
only  by  ceasing  to  be  an  independent  station,  by  turning  over 
the  functions  of  regulation  and  control  to  the  central  main  sta- 
tion and  so  becoming  an  adjunct  to  the  latter.  But  by  this, 
very  feature,  the  turbo  induction  generator  plant  might  afford 
to  the  central  station,  the  public  utility  corpors^tion,  a  very 
effective  means  of  combatting  the  installation  of  isolated  plants, 
by  relieving  the  prospective  owner  of  the  isolated  plant  of  all 
trouble,  care  and  expense  and  incidental  unreliability  thereof, 
supplying  central  station  power  for  lighting,  but  at  the  same 
time  utilizing  the  potential  power  of  the  fuel  burned  for  heat- 
ing purposes.  The  simplest  arrangement  probably  would  be, 
that  the  fuel  power  collecting  plants  scattered  throughout  the 
city  would,  as  automatic  stations,  be  taken  care  of  by  the  public 
utility  corporation,  their  power  paid  at  its  proper  rates,  those  of 
uncontrolled  bulk  power,  while  the  power  used  for  lighting  is 
bought  from  the  central  station  at  the  proper  lighting  rates. 

As  this  however  means  a  new  adjustment  of  the  relation  be- 
tween customer  and  central  station,  and  is  not  merely  an  en- 
gineering matter  like  the  hydroelectric  power  collection,  I  have 
placed  it  in  an  appendix. 

B.     Discussion 

We  realize  that  our  present  method  of  using  our  coal  re- 
sources is  terribly  inefficient.  We  know  that  in  the  conversion 
of  the  chemical  energy  of  coal  into  mechanical  or  electrical 
energy,  we  have  to  pass  through  heat  energy  and  thereby  sub- 
mit to  the  excessively  low  efficiency  of  transformation  from  the 
low  grade  heat  energy  to  the  high  grade  electrical  energy.  We 
get  at  best  10  to  20  per  cent  of  the  chemical  energy  of  the  coal 
as  electrical  energy;  the  remaining  80  to  90  per  cent  we  throw 
away  as  heat  in  the  condensing  water,  or  worse  still,  have  to  pay 
for  getting  rid  of  it.  At  the  same  time  we  bum  many  millions 
of  tons  of  coal  to  produce  heat  energy,  and  by  degrading  the 
chemical  energy  into  heat,  waste  the  potential  high  grade  energy 
which  those  millions  of  tons  of  coal  could  supply  us. 

It  is  an  economic  crime  to  burn  coal  for  mere  heating  without 
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first  taking  out  as  much  high  grade  energy,  mechanical  or  elec- 
trical, as  is  economically  feasible.  It  is  this  feature,  of  using  the 
available  high  grade  energy  of  the  coal,  before  using  it  for  heating, 
which  makes  the  isolated  station  successful,  though  it  has  every 
other  feature  against  it.  To  a  limited  extent,  combined  electric 
and  central  steani  heating  plants  have  been  installed,  but  their 
limitation  is  in  the  attempt  to  distribute  heat  energy,  after  pro- 
ducing it  in  bulk,  from  a  central  station.  Here  again  we  have 
the  same  rule;  to  do  it  efficiently,  do  it  electrically.  In  the 
efficiency  of  distribution  or  its  reverse,  collection,  no  other  form 
of  energy  can  compete  with  electric  energy,  and  the  economic 
solution  appears  to  be  to  bum  the  fuel  wherever  heating  is  re- 
quired, but  first  take  out  its  available  high  grade  energy,  and 
collect  it  electrically. 

Assume  we  use  200  million  tons  of  coal  per  year  for  power,  at 
an  average  total  efficiency  of  12  per  cent,  giving  us  24  million 
kw.  (referred  to  24-hr.  service)  and  use  200  million  tons  of  coal 
for  heating  purposes,  wasting  its  potential  power. 

If  then  we  could  utilize  the  waste  heat  of  the  coal  used  for 
power  generation,  even  if  thereby  the  average  total  efficiency 
were  reduced  to  10  per  cent,  we  would  require  only  240  million 
tons  of  coal,  for  producing  the  power,  and  would  have  left  a 
heating  equivalent  of  216  million  tons  of  coal,  or  more  than  re- 
quired for  heating.  That  is,  the  coal  consumption  would  be  re- 
duced from  400  million  to  240  million  of  tons,  a  saving  of  160 
million  tons  of  coal  annually. 

Or,  if  from  the  200  million  tons  of  coal,  which  we  degrade  by 
burning  it  for  fiuel,  we  could  first  abstract  the  available  high 
grade  power,  asstnning  even  only  5  per  cent  eflficiency,  this 
would  give  us  10  million  kw.  (24-hr.  rate),  at  an  additional  coal 
constmiption  of  10  million  tons,  while  the  production  of  the  10 
million  kw.  now  requires  100  million  tons  of  coal,  more  or  less, 
thus  getting  a  saving  of  90  million  tons  of  coal;  or  putting  it  the 
other  way,  a  gain  of  9  million  kw. — 12  million  horse  power — 
24-hr.  service,  or  36  million  horse  power  for  an  8-hr.  working  day. 

It  is  obvious  that  we  never  could  completely  accomplish  this; 
but  even  if  we  recover  only  one-quarter,  or  even  only  one-tenth 
of  this  waste,  it  would  be  a  vast  increase  in  our  national 
efficiency. 

Thus  the  solution  of  the  coal  problem,  that  is,  the  more  eco- 
nomic use  of  fuel  energy,  is  not  only  the  increase  of  the  thermody- 
namic efficiency  of  the  heat  engine,  in  which  a  radical  advance 
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is  limited  by  formidable  diffi- 
culties; but  is  the  recovery  of 
the  potential  energy  of  all  the 
fuel,  by  electric  collection. 

C.  Turbo  Induction  Gener- 
ator 

Assume  then  that  wherever  fuel 
is  burned  to  produce  steam  for 
heating  purposes,  instead  of  a 
low-pressure  boiler  giving  a  few 
pounds  over-pressure  only,  we 
generate  the  steam  at  high  pres- 
sure, at  six  atmospheres  (90  lbs.) 
or,  in  larger  plants,  even  at  15  at- 
mospheres (220  lb.)  passing  the 
steam  through  a  high  pressure 
turbine  wheel  directly  connected 
to  an  induction  generator  tied 
into  the  electric  supply  system, 
and  then  exhaust  the  steam  at 
1.25  atmospheres  (19  lb.)  into  the 
steam  heating  system,  or  at  0.48 
atmospheres  (7  lb.)  into  a  vacuum 
heating  system. 

At  a  fuel  value  of  the  coal  of 
SOpOOO  kj.  per  kg.  we  have  (see 
table) 

From  this  it  would  follow  that 
the  average  magnitude  of  the 
steam  turbine  induction  gener- 
ator plant  for  power  collection 
from  fuel  in  heating  plants,  would 
be  about  one-quarter  to  one-half 
kw.  per  ton  of  coal  burned  an- 
nually, under  the  assiunption, 
that  the  use  of  the  heating  plant 
is  equivalent  to  full  capacity 
during  one  quarter  of  the  time, 
and  the  turbine  induction  gen- 
erator plant  50  per  cent  larger, 
to  take  care  of  maximum  loads. 
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As  seen,  the  value  of  the  recovered  power  would  be  a  sub- 
stantial percentage  of  the  fuel  cost. 

With  100  million  tons  of  coal  used  for  heating  purposes  an- 
nually, assuming  an  average  recovery  of  600  kw-hr.  per  ton, 
this  gives  a  total  of  60,000  million  kw-hr.  per  year.  One- 
quarter  of  this  is  more  electric  power  than  is  now  produced  at 
Nia^^ara,  Chicago,  New  York  and  a  few  other  of  the  biggest 
electric  systems  together. 
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Discussion  on  "America's  Energy   Supply"   (Steinmetz), 
Atlantic  City,  N.  J.,  June  27,  1918. 

A.  M.  Schoen:  In  connection  with  the  discussion  of  the 
question  of  our  fuel  supply  and  the  need  of  additional  power, 
it  occurs  to  me  to  mention  that  about  the  year  1911,  I  think  it 
was,  I  had  the  honor  of  representing  the  Institute  at  a  hearing 
before  the  Committee  on  Agriculture  from  Congress  on  the 
subject  of  forest  conservation.  At  that  time  the  interests  of 
the  Institute  lay  in  the  conservation  of  the  waterpower  by 
protecting  forests.  There  was  a  paper  presented  at  that  meet- 
ing by  Mr.  M.  O.  Leighton,  engineer  for  the  U.  S.  Geological 
Survey,  and  in  that  paper  he  went  comprehensively  into  a 
survey  he  had  made  of  the  water  powers  of  the  Southern  Appa- 
lachians. He  called  attention  to  the  fact  that  by  throwing 
dams  across  the  ravines  at  the  heads  of  a  number  of  these 
streams  the  water  could  be  impounded,  and  the  low  water 
stage  of  certain  rivers  could  be  materially  raised. 

The  rainfall  in  the  Southern  Appalachians  is  very  heavy, 
I  think  next  to  the  Puget  Sound  region  the  heaviest  we  have 
in  this  country.  Mr.  Leighton's  work  was  done  with  a  view 
to  improving  rivers  at  that  time  navigable  and  rendering  nav- 
igable others  suffering  from  extreme  low  water.  The  same 
data,  however,  would  indicate  that  through  this  method  of 
protecting  against  freshet  and  drought,  the  low  water  stages 
could  be  so  improved  as  to  furnish  sufficient  water  to  change 
a  considerable  part  of  the  power  developed  at  some  of  the 
hydroelectric  plants  from  secondary  to  primary,  thus  utilizing 
machinery  at  present  idle  dtuing  a  considerable  part  of  the 
year.  With  the  present  appeal  from  the  Government  to  help 
save  the  coal,  now  woxdd  seem  to  be  the  accepted  time  to  make 
use  of  this  additional  power.  Mr.  Leighton's  paper  was  pub- 
lished in  1908  and  will  doubtless  be  found  of  interest  in  this 
connection. 

B.  A.  Behrend:  Dr.  Steinmetz's  interesting  suggestion  meets 
with  one  or  the  other  of  the  horns  of  a  dilemma  which  has  con- 
fronted engineers  in  regard  to  the  distribution  of  heat.  If 
Mr.  Steinmetz's  idea  is  carried  out  literally  as  he  wishes  it  to 
be,  it  is  necessary  to  install  in  each  house  a  boiler,  a  steam  tur- 
bine, and  an  induction  generator,  so  that  the  latent  heat  of  the 
steam  can  be  utilized  for  heating  purposes.  If  this  is  not  done, 
it  is  necessary  to  group  together  a  number  of  houses  in  which 
the  old  difficulty  of  distributing  heat  has  to  be  faced.  Mr. 
Steinmetz  does  not  wish  us  to  consider  the  second  alternative 
which  has  been  carried  out  in  several  plants,  particularly  in 
Milwaukee  in  a  station  installed  there  some  twelve  years  ago  by 
Mr.  John  I.  Beggs,  for  which  the  speaker  designed  the  electric 
generating  units. 

Considering,  therefore,  the  scheme  as  advocated  by  Dr. 
Steinmetz,  we  have  to  familiarize  otirselves  with  the  idea  that 
dwellings  will  have  to  be  equipped  as  indicated  above,  and 


Digitized  by  VjOOQ IC 


1918]  DISCUSSION  AT  ATLANTIC  CITY  1011 

whether  this  is  feasible,  or  whether  it  is  possible  to  operate 
such  plants  without  attendants  of  any  kind  is  a  question  the 
consideration  of  which  must  be  left  to  the  individual  judgment 
of  those  who  have  heard  Mr.  Steinmetz's  paper. 

In  this  connection,  allow  me  to  point  out  the  suggestion 
made  many  years  ago  by  Lord  Kelvin  to  reverse  the  Camot 
cycle  and  to  return  the  heat  thus  gained  into  the  building  to 
be  warmed.  In  making  this  proposal,  Lord  Kelvin  stated 
that  it  would  not  be  resorted  to  until  a  shortage  of  fuel  was 
experienced.  (See  Mathematical  and  Physical  Papers  by  Lord 
Kelvin,  Vol.  I,  p.  516.) 

S.  Barfoed  (communicated  after  adjournment):  In  large 
sections  of  the  Pacific  Coast  one  mentioned  source  of  energy 
supply,  namely  oil,  is  being  used  in  an  ever  increasing  amount, 
in  spite  of  the  fact  that  water  power  is  plentiful  in  the  unde- 
veloped stage. 

This  oil,  which  is  being  burnt  for  its  heat  value  only  is  the 
country's  legitimate  lubricating  stock.  It  is  needed  in  an  ever 
increasing  amount  for  machinery  of  all  descriptions  and  should 
not  be  used  as  a  source  of  energy  supply  merely  because  it 
will  bum. 

The  various  factors  contributing  to  this  misuse  are  well  known 
to  engineers  and  need  no  longer  be  discussed  by  them. 

How  the  energy  sources  may  be  utilized  and  coordinated  to 
best  advantage  and  with  a  minimum  of  waste  from  an  engi- 
neering point  of  view  seems  almost  paltry  compared  to  the 
vexatious  work  necessary  to  bring  about  an  understanding  of 
the  problem  on  the  part  of  the  general  public  and  its  chosen 
representatives  on  the  various  legislative  and  executive  bodies. 

The  trained  engineer  thinks  generally  not  along  the  lines 
of  least  resistance,  but  he  will  have  all  he  can  do  to  carry  out 
but  a  small  fraction  of  Dr.  Steinmetz*  simple  and  beautiful 
dream  while  our  present  generation  is  alive. 

Ralph  Bennett  (communicated  after  adjournment):  In  the 
first  section  of  his  article  Mr.  Steinmetz  discusses  in  a  general 
way  the  total  possible  energy  to  be  derived  from  the  use  of 
falling  water  and  of  the  sun's  rays. 

The  conclusion  drawn  is  that,  even  with  a  workable  auto- 
matic generating  station  the  energy  of  the  water  must  be  sup- 
plemented' by  other  sources. 

But  if  it  be  granted  that  such  stations  are  feasible  and  that 
the  electrical  network  extends  for  distances  so  great  that  local 
climatical  changes  may  be  taken  as  more  or  less  equalized  then 
other  sources  not  stated  become  available. 

The  total  energy  of  the  winds  is  almost  incalculable.  Efforts 
to  utilize  them  have  been  successful  only  in  a  small  way  because 
the  need  is  for  local  power  at  definite  times  while  the  wind  is 
a  variable  source,  so  far  as  any  small  areas  are  concerned,  and 
cannot  be  controlled  except  to  reduce  the  energy  delivered  by 
any  single  power  unit. 
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Two  methods  of  overcoming  this  difficulty  have  been  gener- 
ally suggested.  Both  assume  local  isolated  plants  but  one 
stores  energy  in  electrical  storage  batteries  while  in  the  other 
scheme  the  energy  is  stored  in  water  lifted  into  reservoirs.  In 
both  cases  the  cost  of  equipment  and  maintenance  is  so  great 
that  other  sources  of  energy  are  more  reliable  and  economical. 

As  simple  units  feeding  into  a  far  extending  network  wind 
engines  might  have  a  much  greater  application. 

The  average  wind  velocity  over  the  United  States  is  in  the 
vicinity  of  10  m.  (16  km.)  per  hr.  and  60-ft.  (15.2  m.)  mills  will 
produce  about  5  h.  p.  at  this  velocity. 

The  number  of  mills  which  can  be  used  is  limited  only  by 
the  reduction  in  current  velocity  which  would  result  from  over 
close  spacing.  If  only  one  per  acre  were  permissible  on  the 
1,920,000,000  acres  of  continental  United  States  there  would 
be  developed  a  continuous  output  averaged  over  the  country 
of  over  8,700,000,000  h.  p. 

The  actual  practicable  production  from  this  source  may 
really  be  very  considerable  in  the  not  distant  future  for  there 
are  faiown  zones  of  highly  sustained  wind  velocities  and  commer- 
cial mills  are  already  well  developed  in  small  sizes.  Only  a 
power  market  capable  of  paying  the  high  interest  charges  on 
the  investment  is  needed  to  make  such  a  plant  possible. 

Two  other  intermittent  sources  of  large  amounts  of  energy 
are  the  waves  and  the  tides.  Both  have  been  the  source  of 
endless  experimentation  by  inventors.  But  few  successful 
motors  have  developed.  The  main  difficulty  appears  to  be 
the  extremely  rugged  construction  required  as  compared  with 
the  average  energy  developed.  But  connected  to  networks 
fed  from  many  and  scattered  sources  the  output  here  might, 
as  in  the  case  of  windmills,  vary  with  the  power  available  and 
not  with  the  local  demand. 

The  coasts  of  the  United  States  extend  for  over  21,300  mi. 
(34,279  km.).  Along  most  of  this  length  there  is  a  tidal  range 
of  5  ft.  or  better  and  a  constant  wave  action. 

Possibly  there  may  be  available  over  5000  h.  p.  per  mile  of 
coast  from  the  waves  alone  and  neglecting  any  energy  which 
might  be  developed  off  shore. 

This  would  amount  to  106,500,000  h.  p.  for  the  entire  shore 
line. 

Doubtless  successful  motors  could  be  built  if  the  market 
would  warrant  the  expenditure. 

Tidal  motors  are  a  more  difficult  problem  since  the  only 
method  considered  at  all  possible  is  the  tise  of  tidal  basins  and 
only  in  rare  instances  can  these  be  had. 

Other  sources  of  stored  energy  besides  coal  are  in  extensive 
use.  At  the  present  time  the  oil  production  of  the  United 
States  equals  the  equivalent  of  one-eighth  of  the  coal  used. 

Vast  oil  fields  are  as  yet  untouched.  No  complete  explor- 
ation for  new  fields  h?ts  bew  made. 
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Oil  shales  and  bitumen  charged  rocks  exist  in  enonnousbeds 
and  from  them  as  well  as  the  exhausted  sands  of  old  oil  fields 
further  supplies  of  fuel  can  be  drawn  as  the  demand  requires. 

One  half  of  all  the  timber  cut  is  wasted,  yet  the  fuel  and  by- 
product value  of  this  * 'refuse"  is  greater  than  that  of  the  lumber 
commercially  used . 

With  the  extension  of  the  networks  and  a  policy  of  free 
acceptance  of  offered  power  the  use  of  these  and  numerous 
other  sources  of  smaller  or  larger  supplies  of  energy  will  be- 
come possible  and  the  necessary  use  of  the  coal  and  high- 
grade  oil  reserves  can  be  materially  restricted  without  hardship. 

C.  P.  Steinmetz:  In  discussing  fuel  consumption,  I  have 
included  oil  and  natural  gas,  reduced  to  coal  by  their  approxi- 
mate fuel  value.  This  is  the  reason  why  the  tonnage  of  coal 
given  in  my  paper  is  larger  than  that  actually  mined.  It 
includes  the  coal  equivalent  of  the  other  fuels. 

Very  interesting  and  of  some  importance,  is  the  subject 
regarding  the  use  of  wind  power,  made  by  Mr.  R.  Bennett.  At 
present,  due  to  the  great  irregularity  of  the  wind,  the  windmill 
is  of  use  mainly  for  such  power  demands,  where  great  irregu- 
larity is  permissible,  that  is,  pumping  for  drainage,  etc.  Storage 
of  the  energy  by  storage  battery  is  not  economical — ^unless  in 
very  exceptional  oases— due  to  the  high  investment,  low  efficiency 
and  rapid  depreciation  of  the  battery.  The  only  way  of  utilizing 
wind  power  to  a  greater  extent,  thus  would  be  by  electric  collec- 
tion, feeding  whatever  power  the  wind  gLves  into  a  general 
system  together  with  hydraulic  power,  steam  power,  etc.  The 
only  economical  way  this  could  be  done,  appears  to  me,  by  the 
use  of  an  induction  generator  attached  to  the  wind-wheel.  Such 
low-voltage  induction  generator  would  thus  be  located  at  the 
top  of  the  tower  and  there  would  also  be  located  the  step-up 
transformer  raising  to  the  voltage  of  the  collecting  lines.  This 
will  probably  be  about  10,000  volts,  that  is,  low  enough  not  to 
increase  the  cost  of  the  transformer  and  sufficiently  high  to 
carry  the  power  for  some  distance.  Even  the  collecting  lines 
would  not  come  down  from  the  wind-mill  tower  but  jump 
directly  to  the  next  tower,  that  is,  the  wind-wheel  tower  would 
be  used  as  transmission  line  tower. 

Such  a  system  of  collecting  wind-power  then  would  comprise 
a  high-voltage  trunk  line — 100,000  volts — main  collecting  lines 
issuing  at  right  angles  from  the  trunk  line  every  few  mUes,  at 
about  10,000  volts,  and  tied  to  the  tnmk  line  by  step-up  trans- 
formers, and  branch  collecting  lines  issuing  from  the  main 
collecting  lines  every  few  hundred  feet  at  right  angles,  thus 
about  parallel  to  the  trunk  line.  All  these  collecting  lines 
w^ould  be  tower  lines  and  each  tower  contains  a  wind-wheel  with 
low-voltage  induction  generator  and  a  step-up  transformer, 
connecting  into  the  collecting  line.  Possibly  some  simple 
cutout  device  would  also  be  required,  connecting  the  wind- 
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wheel-induction  generator-transformer  into  the  collecting  line  by 
centrifugal  force  and  disconnecting  it  by  reverse-power  relay. 

I  believe  such  an  arrangement  would  be  economically  feasible, 
that  is,  the  value  of  the  collected  wind-power  would  pay  the 
interest  on  the  investment  and  maintenance  and  a  fair  profit, 
even  to-day  in  some  localities,  where  fairly  sustained  wind 
velocities  exist,  power  is  valuable,  and  the  cost  of  fuel  high. 
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PRE-CHARGED    CONDENSERS   IN   SERIES  AND 
IN  PARALLEL 


BY    V.    KARAPETOFF 


Abstract  of  Paper 


A  condenser  is  charged  from  a  source  of  direct  voltage,  and 
then  is  used  as  a  booster  in  series  with  this  source  to  charge 
another  condenser.  By  repeating  this  process  a  large  number 
of  times  the  second  condenser  is  finally  subjected  to  twice  the 
voltage  of  the  source.  This  is  the  principle  of  the  Delon  appara- 
tus for  testing  cables,  and  is  explained  in  a  numerical  example. 
Then  the  more  general  case  of  two  or  more  **pre-charged'*  con- 
densers in  series  is  considered,  when  these  condensers  are  con- 
nected to  some  source  of  direct  voltage;  it  is  shown  how  to  deter- 
mine the  final  distribution  of  voltages  among  them.  A  similar 
problem  is  solved  for  pre-charged  condensers  in  parallel.  Fi- 
naUy  a  general  network  of  pre-charged  condensers  is  considered, 
and  equations  are  derived  similar  to  Kirchoff's  laws,  from  which 
the  final  distribution  of  voltages  and  charges  may  be  computed 
knowing  the  im'tial  distribution. 


IN  A  paper  presented  before  the  Institution  of  Electrical  Engi- 
neers (British)  in  February  1916,  Mr.  O.  L.  Record  described 
Delon's  apparatus  for  testing  the  insulation  of  a  high-tension 
cable.^  While  endeavoring  to  make  clear  to  himself  the  theory 
of  this  ingenious  device  the  present  writer  has  investigated  in 
general  the  action  of  a  pre-charged  condenser  used  as  a  booster 
in  series  with  some  source  of  e.m.f.  for  charging  another  con- 
denser. This  led  him  further  to  deduce  the  equations  of  a 
general  network  of  such  condensers.  Before  giving  these  more 
general  relationships  it  is  of  interest  to  explain  the  principle 
of  Delon's  apparatus  in  a  simple  numerical  example. 

The  diagram  of  connections  is  shown  in  Fig.  1,  in  which  C 
is  a  two-conductor  cable  under  test,  T  is  the  testing  transformer, 
i?  is  a  synchronous  revolving  rectifier  arm,  and  Ci,  Cj  are  two 
''booster"  condensers.  The  theory  of  the  apparatus,  confirmed 
by  actual  experience,  shows  that  the  cable  is  subjected  to  a 
continuous  voltage  which  is  numerically  equal  to  twice  the  ampli- 

1.  Journal  Inst.  Blec.  Engrs.  Vol.  54  (1016),  p<  610;  abstracted  in  the 
Electrical  World,  Vol.  67  (1916),  p.  665. 
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tude  of  the  transformer  voltage.  Thus  a  cable  can  be  readily 
tested  at  qtiite  a  high  voltage,  without  having  a  source  of  con- 
siderable reactive  kilovolt-amperes,  and  without  subjecting  the 
cable  to  dielectric  hysteresis  or  dangerous  oscillations. 

Theory  of  Delon's  Apparatus.  Let  the  capacities  of  condensers 
Ci  and  C%  each  be  equal  to  one  quarter  of  that  of  cable  C,  and 
let  the  rectifying  arm  occupy  the  position  shown  in  Fig.  1  at 
the  instant  when  the  lower  terminal  of  the  transformer  is 
positive,  and  the  voltage  is  at  a  maximum.  Let  the  instan- 
taneous value  of  this  maximum  voltage  be  100  kilovolts  and 
let  the  two  condensers  and  the  cable  not  be  previously  charged 
at  all.  Then  at  the  instant  under  consideration  condenser  d 
is  subjected  to  the  full  potential  difference  of  100  kv.  between 
points  A 1  and  5,  and  is  being 
*'pre-charged"  for  the  next 
half  of  the  cycle.  For  the  sake 
of  simplicity  we  shall  assume 
that  the  duration  of  the  con- 
tact is  sufficient  to  charge  Ci 
to  100  kv. 

At  the  same  instant  the 
cable  C  is  in  series  with  con- 
denser Ciand  the  two  together  (-) 
are  subjected  to  100  kv.  Since 
the  capacities  C  and  d  are  in 
the  ratio  of  4  to  1,  the  voltage 
across  Cis  20  kv.,  that  across 
Ci  is  80  kv.  It  is  important 
to  note  that  the  polarities  marked  at  condensers  Ci  and  Cj  are 
those  during  the  process  of  pre-charging.  The  polarity  of  Cj 
during  the  first  charge  just  described  is  opposite  of  that  shown 
in  the  figure. 

Half  a  cycle  later  the  synchronous  arm  touches  contact  A  2 
and  the  lower  transformer  terminal  is  negative.  The  corres- 
ponding polarities  are  shown  in  parentheses.  The  pre-charged 
condenser  Ci  now  serves  as  a  booster  in  series  with  the  trans-* 
former  and  helps  to  raise  the  charge  on  the  cable,  while  condenser 
C2  is  being  ''pre-charged"  between  A2  and  B  for  the  next  impulse. 
We  shall  now  determine  the  voltage  to  which  the  cable  is  charged 
after  the  second  impulse. 

Since  the  capacities  C  and  Ci  are  in  the  ratio  of  4  to  1,  any 
gain  in  voltage  X  across  C  corresponds  to  a  loss  of  4  J\r  across 


Fig.   1 — Diagram  of  Connections 
FOR  Testing  Two-Conductor  Cable 
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Ci.  In  other  words,  if  the  new  voltage  across  C  is  (20  +  X), 
that  across  C\  is  (100— 4 -Y).  But  the  total  instantaneous 
voltage  between  A^  and  B  is  100  kv.,  so  that 
(20  +  Z)  -  (100  -  4  AT)  =  100, 
from  which  X  =  36  kv.  Thus,  after  the  second  contact  the 
cable  is  charged  to  56  kv.,  while  the  original  voltage  across 
C\  has  dropped  to  —  44  kv. 

When  the  synchronous  arm  comes  again  in  position  Ax,  the 
cable  is  connected  in  series  with  condenser  Cj  which  in  the  mean- 
while has  been  charged  to  100  kv.     We  thus  have  the  equation 

(56  +  X)  -  (100  -  4  Z)  =  100 
from  which  X  =  28.8  kv.,  so  that  the  cable  is  now  charged  to 
84.8  kv. 

Carrying  this  reasoning  further  one  readily  finds  that  the 
voltage  across  the  cable  indefinitely  approaches  the  value  200 
kv.  which  is  the  double  of  the  amplitude  of  the  transformer 
voltage.  Only  after  this  value  has  been  reached  do  the  booster 
condensers  and  the  transformer  cease  to  charge  the  cable  further. 
This  is  because  the  total  voltage  of  the  transformer  plus  that 
of  a  booster  condenser  is  equal  to  200  kv.,  and  a  permanent 
equilibrium  is  established.  Let  the  cable  voltage  after  the 
n  —  th  charge  be  £n.  Then,  by  analogy  with  the  foregoing 
expressions,  we  have  for  the  (n  +  1)  th  application  of  voltage 

(£n  +  A-)  -  (100  -  4  A-)  =  100 
or 

X  ^  (200-£n)/5  (1) 

so  that 

£„+i  =  £»  +  J:  =  40  +  0.8  £„  (2) 

It  will  thus  again  be  seen  that  the  charging  will  stop  or  X  will 
become  zero  when  En  =  200  kv. 

Applying  formula  (2)  to  the  first  few  charges  (except  the 
initial  one)  we  get  the  following  values: 

20;  56;  84.8;  107.8;  126. 3;*141;  152.8  kv. 
Here  the  first  value,  20  kv.,  does  not  satisfy  the  left-hand  side 
of  equation  (2)  when  on  the  right-hand  side  one  puts  £»  =  0. 
However,  it  must  be  remembered  that  when  the  voltage  is 
applied  for  the  first  time  the  booster  condenser  is  not  pre-charged 
so  that  equation  (1)  does  not  hold  true  either.  Both  equations 
hold  true  for  every  impulse  except  the  first  one. 

One  could  imagine  n  condensers  in  place  of  each  booster  con- 
denser,  and  with   a  proper  commutating  arrangement  these 
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condensers  could  be  pre-charged  in  parallel  and  discharged  in 
series.  In  this  case  the  cable  could  be  subjected  to  a  voltage 
equal  to  «  +  1  times  that  of  the  amplitude  of  the  transformer 
voltage.  The  idea  of  charging  condensers  in  parallel  and  dis- 
charging them  in  series  is  not  new  and  has  been  used  for  other 
purposes. 

Two  Condensers  in  Series,  Let  us  now  consider  a  more 
general  case  (Fig.  2)  of  a  condenser  of  capacity  C  pre-charged  to 
a  voltage  Eq  and  of  a  booster  condenser  C  pre-charged  to  a 
voltage  £o'.  Let  the  corresponding  charges  or  displacements 
of  electricity  in  the  condensers  be  Qo  and  Qo\  The  operations 
will  consist  in  charging  C  to  a  higher  voltage  by  means  of  pre- 
charged  C  in  series  with  a  battery  e,  then  q'cets'  QCES 
pre-charging  C  again,  raising  the  voltage  of  " 

C,  and  so  forth.  The  problem  is  to  determine 
the  consecutive  values  of  the  voltage  across  C. 
These  values  will  be  denoted  by  £o,  -Ei,  £2, 
....  En,  while  the  corresponding  pre-charge 
voltages  of  the  booster  condenser  will  be  pjo,  2— Two  Con- 
called  Eo\  Ei\  E%' , .  .  .£»'.  densers  in  Series 

We  have  the  fundamental  relations 

Qo^CEo  (3) 

Qo'  =  CEo'  (4) 

Since  the  two  condensers  are  connected  in  series,  it  is  more 
convenient  to  use  the  reciprocal  of  capacity  namely  the  so- 
called  elastance  of  a  condenser.^     Introducing  the  elastances 

S=l/C     ] 

(6) 
5'  =  1/C  J 
we  get 

Eo  =  QoS        \ 

(6) 
Eo'  =  Qo'  S'     J 

Let  now  condenser  C  be  connected  in  series  with  a  constant- 
voltage  battery  e,  and  the  switch  /  closed.  With  the  polarities 
shown  in  the  sketch  the  condenser  C  assists  the  battery  in 
further  charging  condenser  C,  and  a  quantity  of  electricity  q 

2.  When  a  capacity  is  expressed  in  microfarads,  the  corresponding 
elastance  is  measured  in  mega-darafs.  See  the  author's  "Electric  Circuit" 
(McGraw-Hill,  1912).  p.  148;  also  his  paper  "Sur  quelques  calculs  pratiques 
des  champs  ^lectrostatiques,"  Trans,  Congresso  Internazionale  delle 
Applicazioni  EleUriche,  Torino,  1911. 
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is  displaced  through  the  circuit.  The  charge  on  C  is  increased 
to  (Q  +  q),  that  on  C  is  reduced  to  {Q'  —  g).  The  correspond- 
ing voltages  now  are 

El  =  {Qo+  q)  S  (7) 

£i'  =  «3o'-<z)5'  (8) 

An  equilibrium  is  established  when 

e  +  Ei'  ^  El  (9) 

Substituting  in  this  equation  the  values  from  equations  (6), 
(7)  and  (8)  we  get 

e  +  Eo'-  qS'  ^  Eo  +  qS, 
or 

e  +  £o'-£o=g(5  +  50  (10) 

so  that 

3=  (^  +  £o'-£o)/(5  +  50  (11) 

All  the  quantities  on  the  right  hand  side  of  this  expression  are 
known  and  q  may  be  computed.  Substituting  this  value  of 
q  in  equation  (7)  we  get 

Ei^Eo  +  {e  +  £o'  -  Eo)[S/(S  +  5')]  (12) 

This  expression  permits  one  to  determine  the  new  voltage  of 
condenser  C  knowing  the  initial  voltages  and  the  elastances  of 
the  condensers. 

The  larger  the  booster  condenser  the  more  it  helps  in  charging 
the  other  condenser,  but  on  the  other  hand  the  more  expensive 
it  is.  Since  the  result  depends  only  upon  the  ratio  of  the 
elastances  we  shall  denote 

57(5  +  50  =  a  (13) 

S/{S  +  50  =  1  -  a  (14) 

In  the  most  efficient  and  most  expensive  case  of  an  infinitely 
large  auxiliary  condenser  (5'  =»  0)  we  have  a  =  0.  In  the 
other  extreme,  when  it  is  impossible  to  charge  C  because  C"  =  0 
or  5'  =  00 ,  the  ratio  is  a  =  1.  In  all  cases  a  is  a  positive  regular 
fraction,   and  may  be  called  ''slack  factor."     Equation   (12) 

£i  =  (1-a)  {e  +  Eo')  +  aEo  (16) 

or 

£x  =  (1  -  a)  Fi  +  a  £o  (16) 

Here 

Fi  =  e  +  £o'  (17) 

is  the  total  charging  voltage  applied  to  condenser  C  at  the 
instant  of  closing  switch  /. 

Let  now  the  switch  be  opened,  the  condenser  C  pre-charged 
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to  some  other  voltage  £/  and  the  switch  closed  again.  By 
analogy  with  equation  (16),  the  new  voltage  to  which  condenser  C 
will  be  charged  is 

£2  =  (l~a)  Vt  +  aEu 
where  F«  =  c  +  £i'  is  the  new  total  charging  voltage  which  in 
a  general  case  may  be  different  from   Vi.     If  this  charging 
process  be  repeated  n  times  we  get 

Ex  =  (1-a)  Vi  +  aEo 

£2  =  (1-a)  F2  +  a£i  =  (1  -  a)  (F2  +  a  Fi)  +a«£o 

£,  =  (1  -  a)  Fa  +  aEj  =  (1  -  a)  (F,  +  a  F2  +  a*  Fi) 

+  a»£o      ,(jg) 

£,  -  (1-  a)  (Fn  +  a  F„-i  +  a^  Fn-2  +. . . .  +  a-^  Fi) 

+  a'*£o 

No  matter  how  many  times  the  charging  process  be  repeated 
the  voltage  across  C  remains  finite  because  it  cannot  possibly 
exceed  the  highest  charging  voltage  F  applied  to  it. 

In  practise,  the  condenser  C  would  usually  be  pre-charged 
every  time  to  the  same  constant  value,  say  £',  so  that 

Fi  =  F2  =....  =  Fn  =  F  =  e  +  £'  (19) 

The  preceding  expression  is  then  simplified  to 
En^  (l-a)  (e  +  E'){l+a  +  a^+  ....  +  a^O  +  a'*£o 
or 

£n  =  (1-a")  F  +  a»£o  (20) 

Compare  this  expression  with  equation  (16).  After  an  infinite 
number  of  applications  of  voltage,  that  is  n  =  » , 

a"   =  0,  and 

£«  =  e  +  £'  (21) 

independent  of  a  or  £0.  However,  the  values  of  a  and  £0 
determine  the  law  according  to  which  the  voltage  £  approaches 
its  ultimate  value.  With  a  small  slack  factor,  a,  that  is  with 
an  expensive  auxiliary  condenser,  the  final  value  is  practically 
reached  after  a  few  charges,  while  with  an  a  near  unity  it  may 
require  many  thousands  of  applications. 

In  the  simplest  case  the  same  battery  e  would  be  used  for 
pre-charging  condenser  C,  so  that  £'  =  e.  Equations  (20)  and 
(21)  become 

£n  =  2  e  (1  -  a")  +  a"£o  (22) 

£ao  =  2e  (23) 

These  two  relationships  apply  in  Delon  apparatus. 
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Several  Condensers  in  Series.  We  shall  now  consider  a  still 
more  general  case  of  several  pre-charged  condensers  in  series. 
Let  the  initial  voltage,  charge,  and  elastance  of  the  *  —  th 
condenser  be  £ao,  Qk  and  5»  respectively,  so  that  originally 

Eiko  =  Qk  Sk  (24) 

Let  all  these  condensers  be  connected  in  series  and  also  in 
series  with  a  source  of  constant  voltage  e,  say  a  battery,  and  the 
switch  closed.  It  is  required  to  find  the  new  voltages  across 
the  individual  condensers. 

"  We  shall  consider  as  positive  those  voltages  £ao  which  "buck" 
or  oppose  the  battery  voltage,  while  the  voltages  which  help 
the  battery  will  be  considered  negative.  Let  q  be  the  displace- 
ment of  electricity  or  the  charge  which  passes  through  the  circuit 
when  the  switch  is  closed.  The  new  charge  in  the  *  —  th 
condenser  is  Qk  +  g,  and  the  new  voltage 

Eki  =  {Qk  +  ff)  5*  =  £*o  +  qSk  (26) 

But  when  the  equilibrium  is  established 

lEki^e  (26) 

or 

2  £iko  +  a  S  5*  =  e  (27) 

Hence,  the  additional  charge 

fl  =  (e-2£*o)/i'5*  (28) 

But  d  —  2  £jko  is  the  net  voltage  before  the  switch  is  closed,  and 
S  Sk  is  the  equivalent  elastance  of  the  whole  circuit.    We  denote 

e  -  2  £*o  =  e»  (29) 

2  5*  =  5^  (SO) 
The  preceding  expression  for  q  becomes 

q  -  eJS^  (81) 
and  the  new  voltage  across  the  jk  —  th  condenser 

Eki  =  £*o  +  e,(5*/5^.)  (82) 

Condensers  in  Parallel.  The  case  of  several  pre-charged  con- 
densers in  parallel  allows  of  a  very  simple  solution.  Let  con- 
densers of  capacity  Ci,  Cj Ck C»  be  pre-charged  to  volt- 
ages Eu  Et Ek En  respectively  and  then  put  in  parallel. 

Let  it  be  required  to  find  the  common  voltage  E  after  the  equali- 
zation of  the  charges.  The  Jfe  —  th  condenser  has  lost  voltage 
Eh  —  £,  which  means  that  it  has  lost  a  charge  equal  to  (£»  —  E) 
Ck'     But  in  the  absence  of  a  source  of  e.m.f.  the  simi  of  the 
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charges  after  the  equalization  is  the  same  as  before,  so  that  the 
sum  of  the  changes  of  charge  must  be  zero.  We  thus  have  the 
equation 

2(£*-£)C*  =  0  (88) 

or 

XEkCk-  EZ  Ck=  0 
from  which 

E  =  lEk  Ck/J:  Ck  (34) 

When  using  this  equation  one  has  to  be  careful  regarding  the 
sign  of  each  individual  £*.  If  all  the  positive  terminals  are 
connected  together  and  all  the  negative  ones  together,  then  all 
the  EkS  should  enter  in  the  equation  with  the  same  sign,  say 
plus.  But  if  some  positive  and  other  negative  terminals  are 
connected  together,  one  should  select  a  positive  direction  of 
e.m.f.  and  enter  the  individual  EkS  in  equation  (34)  with  the 
sign  plus  or  minus  accordingly.  As  a  practical  application  of 
pre-charged  condensers  in  parallel  the  "method  of  mixtures" 
may  be  mentioned  for  measuring  small  capacities.' 

Network  of  Condensers.  As  a  most  general  case  treated  in 
this  article,  let  a  number  of  pre-charged  condensers  be  connected 
in  any  arbitrary  manner  so  as  to  form  a  network  similar  to  a 
network  of  conductors.  Let  the  initial  voltage  of  the  Jfe—  th 
condenser  be  £*o,  the  corresponding  charge  Qko  and  the  elastance 
5*,  so  that 

Eko  =  Qko  Sk  (36) 

Let  various  sources  of  d-c.  voltage,  «i,  «2,  ^8,  etc.  be  distributed 
throughout  the  network.  In  the  beginning  a  sufficient  ntunber 
of  switches  are  supposed  to  be  opened  to  prevent  an  equalization 
of  charges  and  voltages.  Then  all  these  switches  are  closed, 
and  it  is  required  to  find  the  new  voltages  and  charges  on  the 
condensers. 

The  problem  is  solved  in  a  manner  similar  to  that  in  which 
currents  are  found  in  a  complicated  network  of  conductors, 
namely  by  applying  equations  analogous  to  Kirchoff's  laws.  As 
soon  as  the  switches  have  been  closed,  the  distribution  of  charges 
on  the  condensers  changes,  the  ife  —  th  condenser  receiving  an 
additional  charge  say  g*.  Let  qk  be  considered  positive  when  a 
positive  displacement  moves  away  from  a  junction  point  of 
three  or  more  condensers.     Since  electricity  behaves  like  an 

3.  See  for  example  V.  Karapetoff,  Experimental  Electrical  Engineering, 
(WUey)  Vol.  II,  p.  9. 
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incompressible  fluid,  we  have  a  relationship  similar  to  the  first 
Kirchoff  law,  namely 

S  g*  =  0      •  (36) 

An  independent  equation  of  this  kind  may  be  written  for  each 
junction  point  of  the  network  but  one. 

For  each  dielectric  circuit  that  can  be  traced  within  the  net- 
work the  second  Kirchoflf  law  may  be  applied  which  in  this  case 
simply  becomes 

Ie  =  ZEki^X  (Qko  +  qk)  Sk. 
But  originally  we  had  Qko  Sk  =  Eko,  so  that  the  preceding  expres- 
sion becomes 

2e  =  JiEko  +  ^qkSk  (37) 

A  sufficient  number  of  equations  of  this  form  can  be  written 
down,  together  with  equations  of  the  kind  (36),  to  enable  one  to 
solve  them  as  simultaneous  equations  for  the  unknown  quantities 
qk.  Knowing  a  g*,  the  corresponding  new  voltage  across  the 
condenser  may  be  computed  from  the  relationship 

Eki  =  (Qko  +  qk)  Sk  =  Eko  +  qk  Sk  (88) 

In  the  beginning  the  directions  of  qk  may  be  asstuneJd  arbitrarily; 
then  those  which  actually  take  place  in  the  opposite  direction 
will  come  out  negative,  from  the  solution  of  equations  (36)  and 
(37). 
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Discussion  on  "Prb-Chargbd  Condensers  in  Series  and 
IN  Parallel"  (Karapetopp),  Atlantic  City,  N.  J., 
June  28, 1918. 

C.  O.  Maittouz:  I  wish  to  say  I  saw  the  apparatus  perform 
at  the  Electrical  Exposition  at  Versailles  in  1908,  and,  of 
course,  it  was  at  that  time  one  of  the  most  interesting  features 
of  the  exposition. 

.  L.  W.  Chubb:  Prof.  Karapetoff's  problem  becomes  more  in- 
teresting when  resistance  load  instead  of  static  charges  are  con- 
sidered. It  is  perfectly  feasible,  instead  of  using  condensers  in 
this  apparatus,  to  use  batteries  or  direct-current  generators,  in 
which  case  the  fluctuation  of  energy  can  be  made  very  great,  and 
power  can  actually  be  utilized  at  a  potential  higher  than  thepoten- 
tial  of  the  source.  We  have  used  in  certain  cases  a  limited  power 
from  transformers  giving  approximately  half  of  the  voltage  re- 
qtiired,  and  in  the  case  of  one  or  two  hundred  kv.  it  is  a  great  ad- 
vantage to  have  a  transformer,  say,  at  100  kv.  for  a  load  at  175 
kv.  When  these  loads  are  applied  the  equations  for  the  appar- 
atus becchne  very  much  more  complicated,  because  while  the 
connections  with  the  pre-charged  condensers  are  being  made, 
there  is,  of  cotu*se,  a  leakage  dependent  upon  the  nature  of  the 
load  and  the. time  that  it  is  on. 

W.  V.  Lyon  (Read  by  B.  A.  Behrend):  The  solution  for  the 
distribution  of  electricity  among  a  network  of  condensers  is, 
as  Prof.  Karapetoff  points  out,  readily  obtained  by  applying 
principles  similar  to  those  commonly  known  as  "Kirchoff's 
Laws".  The  writer  has  long  used  problems  involving  such 
networks  to  emphasize  the  generality  of  these  principles.* 

Another  point  of  view  should  be  both  interesting  and  in- 
structive. The  current  supplied  to  a  single  conductor  or  to 
any  network  of  resistances,  in  which  there  are  no  electromotive 
forces  acting,  will  so  distribute  itself  that  the  total  joule  heating 
loss  is  a  minimum.  Mathematically  this  reduces  to  the  state- 
ment that  the  sum  of  the  resistance  drops  around  a  closed 
circuit  is  zero. 

When  a  number  of  condensers  that  have  been  pre-charged 
are  reconnected  in  any  form  of  network  and  allowed  to  come  to 
an  unrestrained  equilibriumf,  the  charges  will  so  redistribute 
themselves  that  the  total  stored  energy  is  a  minimum.  Mathe- 
matically this  is  also  equivalent  to  the  statement  that  the  volt- 
age drop  around  any  closed  circuit  is  zero.  If  this  principle 
is  combined  with  a  second,  namely,  the  algebraic  stun  of  the 
charges  at  any  instdated  junction  is  constant,  a  solution  for 
the  redistributed  charge  is  at  once  obtained.  If  an  electro- 
motive force  is  inserted  in  any  branch  of  this  stabilized  network 
there  will  be  produced  an  additional  charge  on  each  condenser 
equal  to  that  which  would  have  been  produced  had  the  con- 

♦Problems  in  Electrical  Engineering  (pp,  96,  97,  98)  McGraw-Hill 
Book  Co.,  1908. 

tNo  electromotive  forces  acting  in  the  network. 
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densers  originally  been  discharged.  The  restiltant  effect  of 
more  than  one  such  electromotive  force  inserted  in  the  network 
is  determined  by  calculating  the  effect  of  each  electromotive 
force  as  if  it  acted  alone,  all  of  the  others  being  short-circuited. 
The  net  additional  charge  on  any  condenser  is  equal  to  the 
algebraic  sum  of  the  charges  due  to  the  component  electro- 
motive forces.  The  total  charge  on  any  condenser  is  the  alge- 
braic stmi  of  the  stabilized  charge  and  the  net  additional  charge. 
The  stabilized  charge  should  always  be  calculated  for  the  con- 
dition that  all  of  the  electromotive  forces  are  short-circuited. 

As  a  means  of  solution  there  is  little  to  commend  this  method. 
As  a  method  of  analysis,  however,  it  emphasizes  two  important 
principles.  These  are  the  principles  concerning  the  dissipation  of 
energy  in  a  system,  and  the  combination  of  component  effects 
in  producing  a  resultant  condition. 

V.  Karapetoff:  Perhaps  one  of  the  reasons  why  Delon 
apparatus  has  not  been  used  in  this  coimtry  is  that  we  have  now 
the  possibility  of  obtaining  high  voltages  of  a  unidirectional 
character  by  means  of  hot  cathode  valves,  and  I  hope  that  a 
method  will  be  developed,  if  it  has  not  been  already  developed, 
using  these  hot  cathode  valves,  for  producing  high  unidirectional 
voltage  for  testing  cables. 

Regarding  my  nomenclature,  I  do  not  like  the  word  daraf, 
but  I  wanted  to  create  a  disturbance  among  our  rigorists 
in  order  to  induce  the  Committee  on  Nomenclature  to  take  some 
action.  To  make  the  situation  particularly  objectionable,  I 
also  spelled  the  word  henry  backward,  making  it  ymeh,  which 
word  is  used  in  my  "Magnetic  Circuit".  It  is  not  for  an  indi- 
vidual to  coin  a  new  word,  and  I  felt  that  I  was  more  consistent 
in  following  the  established  practise  (ohm,  mho)  thanin  inventing 
a  new  word.  I  will  be  the  first  one  to  adopt  a  new  word  for 
reluctance,  the  reciprocal  of  henry,  and  for  the  daraf,  the  recip- 
rocal for  farad,  as  soon  as  an  international  action  has  been  taken. 
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METHOD  OF  STMMBTRICAL  CO-ORDINATES  APPLIED 
TO  THE  SOLUTION  OF  POLYPHASE  NETWORKS 


BY   C.    L.    PORTESCUE 


Abstract  of  Paper 

In  the  introduction  a  general  discussion  of  unsymmetrical 
systems  of  co-planar  vectors  leads  to  the  conclusion  that  they 
may  be  represented  by  symmetrical  systems  of  the  same  number 
of  vectors,  the  number  ot  symmetrical  systems  required  to  define 
the  given  system  being  equal  to  its  degrees  of  freedom.  A  few 
trigonometrical  theorems  which  are  to  be  used  in  the  paper  are 
caUed  to  mind.  The  paper  is  subdivided  into  three  parts,  an 
abstract  of  which  follows.  It  is  recommended  that  only  that 
part  of  Part  I  up  to  formula  (33)  and  the  portion  dealing  with 
star-delta  transformations  be  read  before  proceeding  with  Part  II. 

Part  I  deals  with  the  resolution  of  unsymmetncal  groups  of 
numbers  into  symmetrical  groups.  These  numbers  may  repre- 
sent rotating  vectors  of  systems  of  operators.  A  new  operator 
termed  the  sequence  operator  is  introduced  which  simplines  the 
manipulation.  Formulas  are  derived  for  three-phase  circuits. 
Star-delta  transformations  for  symmetrical  co-ordinates  are  given 
and  expressions  for  power  deduced.  A  short  discussion  of  har- 
monics in  three-phase  systems  is  given. 

Part  II  deals  with  the  practical  application  of  this  method  to 
symmetrical  rotating  machines  operating  on  unsymmetrical 
circuits.  General  formulas  are  denved  and  such  special  cases, 
as  the  single-phase  induction  motor,  synchronous  motor-genera- 
tor, phase  converters  of  various  types,  are  discussed. 


Introduction 

IN  THE  latter  part  of  1913  the  writer  had  occasion  to  investi- 
gate mathematically  the  operation  of  induction  motors  under 
unbalanced  conditions.  The  work  was  first  carried  out,  Jiaving 
particularly  in  mind  the  determination  of  the  operating  char- 
acteristics of  phase  converters  which  may  be  considered  as  a 
particular  case  of  unbalanced  motor  operation,  but  the  scope 
of  the  subject  broadened  out  very  quickly  and  the  writer  under- 
took this  paper  in  the  belief  that  thje  subject  would  be  of  interest 
to  many. 

The  most  striking  thing  about  the  results  obtained  was  their 
symmetry;  the  solution  always  reduced  to  the  stun  of  two  or 
more  symmetrical  solutions.  The  writer  was  then  led  to  in- 
quire if  there  were  no  general  principles  by  which  the  solution 
of  unbalanced  polyphase  systems  could  be  reduced  to  the  solu- 
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tion  of  two  or  more  balanced  cases.  The  present  paper  is  an 
endeavor  to  present  a  general  method  of  solving  polyphase 
network  which  has  peculiar  advantages  when  applied  to  the 
type  of  polyphase  networks  which  include  rotating  machines. 

In  physical  investigations  success  depends  often  on  a  happy 
choice  of  co-ordinates.  An  electrical  network  being  a  dynamic 
system  should  also  be  aided  by  the  selection  of  a  suitable  system 
of  co-ordinates.  The  co-ordinates  of  a  system  are  quantities 
which  when  given,  completely  define  the  system.  Thus  a  system 
of  three  co-planar  concurrent  vectors  are  defined  when  their 
magnitude  and  their  angular  position  with  respect  to  some  fixed 
direction  are  given.  Such  a  system  may  be  said  to  have  six 
degrees  of  freedom,  for  each  vector  may  vary  in  magnitude  and 
phase  position  without  regard  to  the  others.  If,  however,  we 
impose  the  condition  that  the  vector  sum  of  these  vectors  shall 
be  zero,  we  find  that  with  the  direction  of  one  vector  given, 
the  other  two  vectors  are  completely  defined  when  their  magni- 
tude alone  is  given,  the  system  has  therefore  lost  two  degrees 
of  freedom  by  imposing  the  above  condition  which  in  djmamical 
theory  is  termed  a  "constraint".  If  we  impose  a  further  con- 
dition that  the  vectors  be  symmetrically  disposed  about  their 
common  origin  this  system  will  now  have  but  two  degrees  of 
freedom. 

It  is  evident  from  the  above  definition  that  a  system  of  n 
coplanar  concurrent  vectors  may  have  2  n  degrees  of  freedom  and 
that  a  system  of  n  symmetrically  spaced  vectors  of  equal  mag- 
nitude has  but  two  degrees  of  freedom.  It  should  be  possible 
then  by  a  simple  transformation  to  define  the  system  of  n 
arbitrary  congruent  vectors  by  n  other  systems  of  concurrent 
vectors  which  are  S5rmmetrical  and  have  a  common  point.  The 
n  s)mametr  cal  systems  so  obtained  are  the  symmetrical  co- 
ordinates of  the  given  system  of  vectors  and  completely  define 
it. 

This  method  of  representing  polyphase  systems  has  been 
employed  in  the  past  to  a  limited  extent,  but  up  to  the  present 
time  there  has  been  as  far  as  the  author  is  aware  no  systematic 
presentation  of  the  method.  The  writer  hopes  by  this  paper  to 
interest  others  in  the  application  of  the  method,  which  will  be 
fotmd  to  be  a  valuable  instrument  for  the  solution  of  certain 
classes  of  polyphase  networks. 

In  dealing  with  alternating  currents  in  this  paper,  use  is 
made  of  the  complex  variable  which  in  its  most  general  form 
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may  be  represented  as  a  vector  of  variable  length  rotating  about 
a  given  point  at  variable  angular  velocity  or  better  as  the  re- 
sultant of  a  number  of  vectors  each  of  constant  length  rotating 
at  different  angular  velocities  in  the  same  direction  about  a 
given  point.  ^  This  vector  is  represented  in  the  text  by  /,  £, 
etc.,  and  the  conjugate  vector  which  rotates  at  the  same  speed 
in  the  opposite  direction  is  represented  by  /,  R,  etc.  The  effec- 
tive value  of  the  vector  is  represented  by  the  symbol  without 
the  distinguishing  mark  asJ,£,  etc.  The  impedances  Zo,  Zb, 
Z.fc,  etc.,  are  generalized  expressions  for  the  self  and  mutual 
impedances.  For  a  circuit  A  the  self-impedance  operiator  will 
be  denoted  by  Z««  or  Z..  In  the  case  of  two  circuits  A  and  B 
the  self  impedance  operators  would  be  Z^a  Zhb  and  the  mutual 
impedance  operator  Z«5.  The  sublet ters  denote  the  circuits  to 
which   the   operators   apply.     These   operators   are   generally 

functions  of  the  operator,  D  —  -5--  and  the  characteristics  of 

the  circuit;  these  characteristics  are  constants  only  when  there 
is  no  physical  motion.  It  will  therefore  be  necessary  to  care- 
fully distinguish  between  Z«  /«  and  /«  Za  when  Za  has  the  form 
of  a  differential  operator.  In  the  first  case  a  differential  opera- 
tion is  carried  out  on  the  time  variable  /^  in  the  second  case  the 
differential  operator  is  merely  multiplied  by  /«. 

The  ntiost  general  expression  for  a  simple  harmonic  quantity 
eis 

e  =  i4  cos  ^/  —  5  sin  pt 

in  exponential  form  this  becomes 

(A  +jB)  e^^' represents  a  vector  of  length  Va*  +  B*  rotating 
in  the  positive  direction  with  angular  velocity  p  while  (^4  —  j  B) 
c^^is  the  conjugate  vector  rotating  at  the  same  angular 
velocity  in  the  opposite  direction.  Since  e^^  is  equal  to 
cos  pt+j  sin  pt,  the  positively  rotating  vector  £^(A+j B)  €^'^' 
will  be 

&  ^  A  cos  pt-  B  sin  pt+j  (A  sin  pt  +  B  cos  pi) 

or  the  real  part  of  £  which  is  its  projection  on  a  given  axis  is 
equal  to  e  and  therefore  £  may  be  taken  to  represent  e  in  phase 
and  magnitude.  It  should  be  noted  that  the  conjugate  vector 
£  is  equally  available,  but  it  is  not  so  convenient  since  the 
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operation  --tt-  e"^  *'    gives  —  j  p  €"''  **   and  the  imaginary  part 

of  the  impedance  operator  will  have  a  negative  sign. 

The  complex  roots  of  unity  will  be  referred  to  from  time  to 
time  in  the  paper.  Thus  the  complete  solution  6f  the  equation 
«*  —  1  =  0  requires  n  different  values  of  x,  only  one  of  which 
is  real  when  n  is  an  odd  integer.  To  obtain  the  other  roots  we 
have  the  relation 

1  =  cos  2  ^  r  +  j  sin  2  ^  f 

s  ^'  2  r  r 

Where  r  is  any  integer.     We  have  therefore 

and  by  giving  successive  integral  values  to  r  from  1  to  »,  all 
the  n  roots  of  x*  —  1  =0  are  obtained  namely, 

^  —  27r    ,    .    .     27r 

ai  =  €         =  cos h  J  sm 

n  n 

^  ~  47r     ,    .   .     47r 

flj  =  €         =  cos h  J  sm 

fi  fi 

•  o» 

fl3  =  €         =  cx)s h  J  sin 

n  n 

an   =   6^2,:=    1 

It  will  be  observed  that  as  az. . .  .an  are  respectively  equal  to 

When  there  is  relative  motion  between  the  different  parts 
of  a  circuit  as  for  example  in  rotating  machinery,  the  mutual 
inductances  enter  into  the  equation  as  time  variables  and  when 
the  motion  is  angular  the  quantities  e'"''  SLnde"^^^^  will  appear 
in  the  operators.  In  this  case  we  do  not  reject  the  portion  of 
the  operator  having  e"^**'  as  a  factor,  because  the  equations 
require  that  each  vector  shall  be  operated  on  by  the  operator 
as  a  whole  which  when  it  takes  the  form  of  a  harmonic  time 
function  will  contain  terms  with  e''*"  and  €"■''"''  in  conjugate 
relation.  In  some  cases  as  a  result  of  this,  solutions  will  appear 
with  indices  of  €  which  are  negative  time  variables;  in  such 
cases  in  the  final  statement  the  vectors  with  negative  index 
should  be  replaced  by  their  conjugates  which  rotate  in  the 
positive  direction. 
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This  paper  is  subdivided  as  follows: 

Part  I.— *The  Method  of  Symmetrical  Co-ordinates."  Deals 
with  the  theory  of  the  method,  and  its  application  to  simple 
polyphase  circuits. 

Part  11. — ^Application  to  Syiiunetrical  Machines  on  Unbal- 
anced Polyphase  Circuits.  Takes  up  Induction  Motors,  Gener- 
ator and  Synchronous  Motor,  Phase  Balancers  and  Phase 
Convertors. 

Part  III.  Application  to  Machines  having  Unsymmetrical 
Windings. 

In  the  Appendix  the  mathematical  representation  of  field 
forms  and  the  derivation  of  the  constants  of  different  forms  of 
networks  is  taken  up. 

The  portions  of  Part  I  dealing  with  unsymmetrical  windings 
are  not  required  for  the  applications  taken  up  in  Part  II  and 
may  be  deferred  to  a  later  reading.  The  greater  part  of  Part  I 
is  taken  up  in  deriving  formulas  for  special  cases  from  the 
general  formulas  (30)  and  (83),  and  the  reading  of  the  text  fol- 
lowing these  equations  may  be  confined  to  the  special  cases  of 
immediate  interest. 

I  wish  to  express  my  appreciation  of  the  valuable  help  and 
suggestions  that  have  been  given  me  in  the  preparation  of  this 
paper  by  Prof.  Karapetoflf  who  suggested  that  the  subject  be 
presented  in  a  mathematical  paper  and  by  Dr.  J.  Slepian  to 
whom  I  am  indebted  for  the  idea  of  sequence  operators  and  by 
others  who  have  been  interested  in  the  paper. 

PART  I 
Method  of  Symmetrical  Generalized  Co-ordinates 

Resolution  of  Unbalanced  Systems  op  Vectors  and 
Operators 

The  complex  time  function  £  may  be  used  instead  of  the  har- 
monic time  function  e  in  any  equation  algebraic  or  differential 
in  which  it  appears  linearly.  The  reason  of  this  is  because  if 
any  linear  operation  is  performed  on  £  the  same  operation  per- 
formed on  its  conjugate  £  will  give  a  result  which  is  conjugate 
to  that  obtained  from  JS,  and  the  sum  of  the  two  results  obtained 
is  a  solution  of  the  same  operation  performed  on  £  +  iS,  or  2  e. 

It  is  customary  to  interpret  £  and  iS  as  coplanar  vectors, 
rotating  about  a  common  point  and  e  as  the  projection  of  either 
vector  on  a  given  line,  Jfi  being  a  positively  rotating  vector  and 
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£  being  a  negatively  rotating  vector,  and  their  projection  on 
the  given  line  being 

'^^^  (« 

Obviously  if  this  interpretation  is  accepted  one  of  the  two 
vectors  becomes  superfluotis  and  the  positively  rotating  vector 
jfi  may  be  taken  to  represent  the  variable  **«"  and  we  may  de- 
fine '*e'*  by  saying  that  *'«"  is  the  projection  of  the  vector  J5 
on  a  given  line  or  else  by  saying  that  **«**  is  the  real  part  of  the 
complex  variable  £, 

If  (1),  fl,  fl* a*"*  are  the  n  roots  of  the  equation  x*  —  1  =0 

a  symmetrical  polyphase  system  of  n  phases  may  be  represented 
by 

JSii  =  JEii 
Eti  —  a  En 
JSai  =  fl'  Ell 

(2) 


Another  n  phase  system  may  be  obtained  by  taking 
JEii  =  JEii 
£21  —  fl^  Eli 
£31  =  fl*  E12 


-fi»i=  o2<"-*>JSi2 


(3) 


and  this  also  is  symmetrical,  although  it  is  entirely  different 
from  (2). 

Since  1  +  o  +  a'  +  a""^  =  0,  the  sum  of  all  the  vectors 
of  a  symmetrical  polyphase  system  is  zero. 

If  Ml  £t  &i -fi»  be  a  system  of  n  vectors,  the  following 

identities  may  be  proved  by  inspection: 
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£,  = n 

+ 
+ 
+ 
J5. 


£. 

+  o' 

n 

■f  ....o»(»- 

-«£. 

l)(r 

iSi 

+  a' 

-»)^,+.. 

.  .o(-- 

-1)£, 

£i 

+  a-»  £,  + 

n 

.  .  .O" 

-(«- 

»£. 

n 
_£,  +  £,  +  £,+.... ^ 


-f-  a  ' 


+  a 


_,  :gi  +  o«  ^,  +  o«  ^,  -f- .  ■ .  .gac-^)  Jg. 


^_,,_»  -gi  +  o^-^  &  +  o»0-l)g,.fo(»-l)(r-l)g, 

n 

+  j-..-»  -fii  +  0-'  £t  +  0-*  £i  +  ■  ■ .  .o-(-^)  £. 

n 

n 

^.  „-,-».-»  ^1  +  g-^  ^«  + . .  ■  -gc-^c--^  ^. 

n 

+  a  *  

n 

It  will  be  noted  that  in  the  expression  for  £1  in  the  above 
formulas  if  the  first  term  of  each  component  is  taken  the  result  is 

n  —  or  £1.    If  the  succeeding  terms  of  each  component  involving 
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jSf^j Jfi»  respectively,  are  taken  separately  they  add  up  toex- 

pressions  of  the  form  — ^  (l+<i+flt*  + o*~^)  which  are  all 

w 

equal  to  zero  since  (1  +a +a*+ a"  ~  ^)  is  equal  to  zero.    In  like 

manner  in  the  expression  for  £,t&t,.,Rn  respectively,  all  the  terms 
of  the  components  involving  each  of  the  quantities  &i  &%&%,.  .etc. 
excepting  the  terms  involving  that  one  of  which  the  components 

& 
areto^be  determined  add  up  to  expressions  of  the  form  — — 

w 

(1  +  o  +  fl*  + . . .  .a*~^)  all  of  which  are  equal  to  zero,  the  re- 
maining tenns  add  up  to  £«  jSj £«  respectively.     It  will 

now  be  apparent  that  (4),  is  true  whatever  may  be  the  nature 
of  £i  Jfii  etc.,  and  therefore  it  is  true  of  all  numbers,  real  complex 
or  imaginary,  whatever  they  may  represent  and  therefore 
similar  relations  may  be  obtained  for  cxurent  vectors  and  they 
may  be  extended  to  include  not  only  vectors  but  also  the  oper- 
ators. 

In  order  to  simplify  the  expressions  which  become  unwieldy 
when  applied  to  the  general  n-phase  system,  let  us  consider  a 
three-phase  system  of  vectors  £«  -^6  -fie  Then  we  have  the 
following  identities: 

^  _  jSg  +  Jg^  +  £,      Eg  +  aR^  +  a^Ec 


I 

3 

..  ^.  + 

a*£^-\-a  S.C 

1 

3 

Ia«^- 

+  a  £»  +  a*  £. 

I      tt 

3 

\a^' 

+  a*£k  +  oiS. 

1      O 

3 

■\a^' 

+  oJS»  +  o*£. 

T  O 

3 

u'^- 

+  a*S*  +  aS.c 

I  ** 

3 

£.  +  jS»  +  £. 


•&«=  o 


(6) 


(4)  states  the  law  that  a  system  of  n  vectors  or  quantities 
may  be  resolved  when  n  is  prime  into  n  different  symmetrical 
groups  or  systems,  one  of  which  consists  of  n  equal  vectors  and 
the  remaining  («  —  1)  systems  consist  of  n  equi-spaced  vectors 
which  with  the  first  mentioned  groups  of  equal  vectors  forms 
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an  equal  number  of  symmetrical  n-phase  systems.  When 
n  is  not  prime  some  of  the  n-phase  systems  degenerate  into 
repetitions  of  systems  having  numbers  of  phases  corresponding 
to  the  factors  of  n. 

Equation  (6)  states  that  any  three  vectors  £a  &h  &e  may  be 
resolved  into  a  system  of  three  equal  vectors  £ao  &ao  ^ao  and 
two  symmetrical  three-phase  systems  £au  o^  -fiai,  a  ^ai,  and  Jfiaj, 


(6) 


Fig.  1 — Graphical  Representation  of  Equation  5. 

a  &atf  €?  £«j,  the  first  of  which  is  of  positive  phase  sequence  and 
the  second  of  negative  phase  sequence,  or 

Similarly  f        r  f         r 

h  =   laO  +  fla  lal  +  d  Ia% 

Figs.  (1)  and  (2)  show  a  graphical  method  of  resolving  three 
vectors  &a  £h  and  &c  into  their  symmetrical  three-phase  com- 
ponents corresponding  to  equations  (6).  The  construction  is  as 
follows: — £ao  ^koi  ^eo  are  obtained  by  drawing  a  line  from  0  to 


(7) 
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the  centroid  of  the  triangle  £«  Jfi^  £e.  &a\  &hu  &c\  are  obtained 
by  rotating  £»  positively  through  an  angle  -^ ,  and  £«  nega- 
tively through  the  same  angle  giving  the  points  a  &b  and  a*  S,c 
respectively.  J5«i  is  the  vector  obtained  by  a  line  drawn  from  0  to 
the  centroid  of  the  triangle  -fi«,  a  £bt  a*  ^e]  and  jSn  and  £ci  tog 

2  X  4  TT  -x     X 

this  vector  by  -tt-  and  — r—  respectively.     To  obtain  JEai  Ehi 

jficj,  -fib  is  rotated  negatively  and  &e  positively  through  the  angle 
2t 


giving  the  points  at^b  and  a£e  respectively;    the  line 
drawn  from  0  to  the  centroid  of  the  triangle  JS«,  a*  £bf  a  £e  is  the 


Pig.  2 — Graphical  Representation  of  Equation  6. 

2  TT 

vector  £ai9  -^62  and  -fi^j  feod  this  vector  by  the  angles  — «—  and 

-^  respectively. 

The  system  of  operators  Zo*  Z^  Zee  Z^  Zhc  Zcm  may  be  resolved 
in  a  similar  manner  into  symmetrical  groups, 

Zoa  =  ZaaO  +  Zo«l  +  Z^\  1 


Z»  =  ZmO  +  ^  Zoal  +  O  Zoat 
Zee   =  ZmO  +  a  Za«l  +  fl*  Z«|J 
Zab  =  ZobO  +  Zabl  +  Za6i 
Z^e  =  ZabO  +  «*  Zabl  +  ^  Zabl 
Zea  =  ZaM  +  fl  Z«6i  +  fl*  ZobS 

There  are  similar  relations  for  »-phase  systems. 


(8) 


(9) 
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Explanation  op  Theory  and  Usb  op  Sequence  Operator 
Let  us  define  the  symmetrical  sequences  of  »th  roots  of  unity 
in  the  following  manner: 

5»=1,     1,     1....1 

5«  =  1,    a-*,    a-^....fl-2(-i) 

5^  =  1.    fl-^    a  -  2  r_  ,  .a-<»-i>'  (10) 

5(r+l)^   1^   a-<';+l>,    fl-8(r+l) fl-(fi-l)(r+l) 

5(1.-1)=  1^  a-<«-i),    fl-2C«-i). . .  .fl-(»-i)' 

Consider  the  sequence  obtained  by  the  products  of  similar 
terms  of  5*'  and  5*.    It  will  be 

5<''+*>  -»  1,  a-^'+i>,    a-2(r+i) a-«»-i><''+i)         (11) 

Similarly 

5*»1,    a-*,    a-2*....^-(i.-i)i  (12) 

and  the  sequence  obtained  by  products  of  like  terms  of  this 
sequence  and  S^  is 

S('-^^)  =  1,  a-(''+*),    a-*<''+*> a-^»-i><^+*>'  (18) 

We  may  therefore  apply  the  law  of  indices  to  the  products  of 
sequences  to  obtain  the  resulting  sequence. 

In  the  case  of  the  three-phase  system  we  shall  have  the  fol- 
lowing sequences  only  to  consider,  viz. : 

5«  =  1,     1,     1 


5^  =  1,    fl^ 


(14) 


5«  =  1,    a,    a« 

The  complete  system  of  currents  /«  Ih  h  are  defined  by 

S  {fa)  -  5«  /.o  +  5^  /.I  +  5«  /.,  (16) 

Similarly  the  impedances  Zaa  ^»  Zee  may  be  expressed  in  sym- 
metrical form 

S  {Z^)^S^ZaaO  +  5»  Z«.i  -h  5"  Zaat  (16) 

and  the  mutual  impedances  Zo^,  Zbet  Zem  are  expressed  by 

5(Z*)  =  5«Z^o  +  5^Z^i  +  5«Z^l  (17) 
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Attention  is  called  to  the  importance  of  preserving  the  cyclic 
order  of  self  and  mutual  impedances,  otherwise  the  rule  for  the 
sequence  operator  will  not  hold.  Thus,  Zok,  Zu  and  Zca  are  in 
proper  sequence  as  also  are  Zeat  Zab,  Zbe, 

When  it  is  desired  to  change  the  first  term  in  the  sequence  of 
polyphase  vectors  the  resulting  expression  will  be    • 

S  (h)  =  5»  /.o  +  5»  a«  /ai  +  5«  a  /.,      ] 

(18) 
S  (/e)  =  5»  /.o  +  5^  a  /.I  +  5«  a«  ht      J 

Similarly  in  the  case  of  the  operators  S  (Zah)  we  have 

S  (Z^)  =  5»  Zo6o  +  S'  a«  Zati  +  S'a  Zm 

S  (Zc)  =  5»  Zoko  +  51  a  Zoki  +  5»  a«  Zm 
Similar  rules  apply  to  the  e.m.fs.  £«  Et  Ee 

S  (£a)    =  5»  £.0  +  S'  &ax  +  5«  &al 

^  S  {&i)  =  5»  £.0  +  S^  a*  £ai  +  5»  a  £., 
S  {£.c)  =  5»  £ao  +  5^  a  Eai  +  5«  a*  £«« 

It  should  be  kept  in  mind  that  any  one  of  the  several  expres- 
sions S  (la)  S  (Ih)  S  (/c),  etc.,  completely  specifies  the  system, 
and  each  of  the  members  of  the  groups  of  equations  given  above 
is  a  complete  statement  of  the  system  of  vectors  or  operators 
and  their  relation. 

Application  to  Self  and  Mutual  Impedance  Operations 
We  may  now  proceed  with  the  current  systems  S  (/«),  S  (Z^), 
S  (le)  and  the  operating  groups  S  (Zaa)  S  (Zw)  S  (Zee)  etc.  and 
the  electromotive  forces  in  exactly  the  same  manner  as  for 
simple  a-c.  circuits.     Thus, 

5  (£a)    «  S  (Zaa)  S  (/.)   +  S  (Z.*)  S  (/*)  +  S  (Zc.)  S  (L)        (21) 
«    (5»  Z«aO  +  5^  Zoai  +  5«  Zaat)  (5»  Lo  +  5^  /.l  +  5»  /.,) 
+  (S^  Zm  +  S'  Zatl  +  5»  Za,t) 

(5»  /.o  +  5»  a«  /.  +  5*  a  /.,) 

+  iS^ZM  +  S^a  Zoki  +  5«  a»  Zm) 

(5»  ho  +  S'a  hi  +  5«  a«  Lt) 

-  5*  (Z^o  +  2  Z„6o)  /.o  +  5»  {Zo.,  +  (1+  a«)  Z„»,}  /.i 
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+  5»{Z«., +  (l+o)Z.»,j  /., 

+  51  {Z„,+  (1  +  o)  Z.w}  /., 

+  51  {Z„o  +  (o  +  o*)  Zm\  /.I 

+  51  {Z..,  +  2  a  Zrti)  /.» 

+  5*  {Z„t  +  (1  +  a*)  Z.t,}  /.o 

+  5»{Z«. +  2o*Z.m}  /.I 

+  5»  {Z«,  +  (o  +  o*)  Zrt«)  /.*  (22) 

Or  since  1  +  a  +  a*  =  0,  1  +  a  =  —  a*,  1  +  a*  =  —  a  and 
a  +  a*  =  -  1 

5  (£.)  =  S>XZ„o  +  2  Z.to)  /.o  +  5»  (Z«,  -  o  Zm)  /.I 

+  5»  (Z«.,  -  a*  Z<*i)  /.,  +  51  (Z«,  -  a*  Z^i)  /.c 

+  51  (Z«,  -  Zm)  /.I  +  5»  (Z«,  +  2  o  Zrt,)  /., 

+  5»  (Z«,  -  o  Z<*,)  /.,  +  5»  (Z«.,  +  2  o»  Z.*,)  /., 

+  5»(Z..o-Z.6«)/.,  (28) 

Or  since 

5  (Z»c)  =  5»  Z».o  +  51  Zi.,  +  S»  Zw 

=  5»  Z.»o  +  5>  a*  Zrti  +  5»  o  Z^t 

we  may  write  (23)  in  the  form 

5  (£«)  =  5»  (Z«.,  +  2  Zm)  /.o  +  5»  (Z«.,  -  Zm)  Li 

+  5»  (Z„i  -  Zui)  L*  +  5»  (Z„,  -  Zt.,)  /., 

+  5*  (Z«,»  -  Z»«o)  lax  +  5>  (Z..,+  2  Zm)  /.t 

+  5»  (Z„,  -  Zm)  /.o  +  S»  {Zaai  +  2  Z».i)  /., 

+  5»(Z«.,-Z».,)/„,  (24) 

which  is  the  more  symmetrical  form.  We  have  therefore  from 
(24)  by  expressing  5  (£.)  in  terms  of  symmetrical  co-ordinates 
the  three  symmetrical  equations 

5*  £«0   =  -S*  {  (ZaaO  +  2  Z»co)    'oO  +  (Zmj  —  Zfccj)  /al 
+  (Zaoi  —  Ztei)  lat] 
•S*    {  (Zo,i  —  Ztci)   /oO  +   (ZoaO  —  Z»eo)   /«1 

+  (Z«.,  +  2  Z».,)  /„} 
5*  {(Z«.,  -  Zm)  /.o  +  (Z„,  +  2  Z»ei)  /.i 

+  (ZmO  —  Zjeo)   /«t) 


S^£.. 


5*£. 


'at 


(26) 
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An  important  case  to  which  we  must  next  give  consideration 
is  that  of  mutual  inductance  between  a  primary  polyphase 
circuit  and  a  secondary  polyphase  circuit.  The  mutual  im- 
pedances may  be  arranged  in  three  sets.  Let  the  currents  in 
the  secondary  windings  be  /«  /,  and  /»,  we  may  then  express 
the  generalized  mutual  impedances  as  follows: 


(I)  Zau  Zbw  Zew 

(11)  Zt^Z^Za. 
(Ill)  Z^Za^Z^ 


(26) 


Each  set  may  be  resolved  into  three  S3rmmetrical  groups,  so 
that 

S  (Zau)    =   5«  ZauO  +  S^  Zaul  +  S' Zaul 


S  {Ztw)  =  5»  Zbwo  +  S^  Zf,wi  +  5»  Ziw2 
S  {Z^)  =  S^Zc^o  +  S'Zci  +  S'  Zc.t 


(27) 


and  we  have  for  S  (£«)  the  primary  induced  e.m.f.  due  to  the 
secondary  currents  S  (lu) 

S  (£.)    =   S  (Zau)  S  (Iu)+  S  (Za.)  S  (L)   +  S  (Zand  S  (K)-  (28) 

Substituting  for  S  (/u),  S  (/.)  and  S  (Iw)  and  S  (Zau),  S  (Za^) 
S  (Zaw)  their  symmetrical  equivalents  we  have 

S  (Ea)    =   S^  (ZauO  +  Zbwo  +  Zcvo)  luo 

+  S^  (Zaui  +  a  Zm.2  +  a»  Z^t)  Li 
+  5»  (Zaul  +  a«  Zmci  +  a  Z^i)  hi 

+  S^  (Zaul  +  a  Zbwi  +  a*  Zevl)  JuO 
'     +  5*  (ZauO  +  tt*  Zbwo  +  d  Zc9o)  in  I 
+  5*  (Zaut  +  Zbwi  +  Zevt)  lut  • 

+  S^  (Zaui  +  a*  Zbwt  +  a  Z.0  ho 

+  5«  (Zaul  +  Zbwi  +  Zc.l)  lul 

+  5»  (ZauO  +  a  Zbwo  +  a«  Z^o)  hi  (29) 
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On  expressing  5  (£«)  in  symmetrical  form  we  have  the  following 
three  symmetrical  equations 

5"  £.•  =  5*  { (Z««o  +  2»i»o  +  Znn)  '«.o 

+  (Z.«,  +  aZtwt  +  a*  Z„t)  hi 

+  iZ„i  +  a*  Z»,i  +  a  Z„i)  /.,} 
S»  £.,  =  5»  |(Z..,  +  a  Z».i  +  a*  Z„,)  /«o 

+  (Z„«  +  a*  Zt,,  +  a  Z„o)  /«i  [     (30) 

+  (Zaut  +  Zmw  +  Z„t)  lut] 

S>  £.,  =  5»  I  (Z.„  +  a*  Ztm  +  a  Z„t)  L* 
+  (Z,,i  +  Z»»i  +  Z„i)  Jul 

+  (ZoitO  +  O  Zn»o  +  O*  Z„o)    in*) 

For  the  e.m.f .  S  (jS«)  induced  in  the  secondary  by  the  primary 
currents  S  (/«)  we  have 

S  i&u)  =  S  (Z..)  5  (/.)  +  S  iZ^)  S  (/»)  +  S  (Z«.)  5  (/.)     (31) 

Since  S  (Zt«)  bears  the  same  relation  to  S  {Z„)  as  5  (Z„) 
does  to  5  (Ztv)  and  S  (Zau)  bears  the  same  relation  to  5  (Z»«) 
as  S  (Zam)  does  to  5  (Z„)  to  obtain  5  (^)  all  that  will  be  neces- 
sary will  be  tointerchangeZt*  and  Z„  in  (29)  and  change  /«o  hi  hi 
to  /■»  /ai  and  /at  respectively,  this  gives 

5  (jg.)  =  5»  (Z«.o  +  Zw,  +  Z„o)  h, 

+  5»  (Z.«,  +  a*  Z»t  +  o  Z„t)  hi 

+  5»  (Z„,  +  a  Zvmi  +  a*  Z„i)  /.» 

+  5>  (Z.«,  +  a»  Zt.1  +  o  Z„,)  /.o 

+  51  (Z.,0  +  a  Zm.,  +  a*  Z„,)  /„, 

+  5*  (Z.„  +  Zm.,  +  Z„,)  /., 

+  5»  (Z..,  +  a  Zt„  +  a*  Z„,)  /., 

+  5»  (Z..,  +  Zfi  +  Z„i)  /., 

+  5»  (Z.«,  +  Z»»,  +  Zc.)  /.,  (32) 
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and  the  three  symmetrical  equations  will  be 

S?^  EuO  =   S^   {  (ZauO  +  2bW0  +  Zevo)  laO 

+   (Zaut  +  €?  Zbw2  +  a  ZbVft  +  d  Zevt)    hi 
+  (Zaul  +  a  Ztm  +  a*  Zcvl)  lai} 

5»  £.1   =  51   {  (Za«l  +  O*  Zktri  +  a  Ze.i)   /«0 

+  (Zauo  +  a  Zbwo  +  a*  Zcvo)  Li  \     (33) 

5«  £«2  =  5»  {(ZaMt  +  a  Zf,wt  +  a^  Z„i)  ho 

+  {Zaul  +  Zbwi  +  Zevl)    lal 

•  +  (Zcuo  +  o*  Zm.0  +  a  Zcvo)  Iat\ 

The  same  methods  may  be  applied  to  polyphase  systems  of  any 
number  of  phases.  When  the  number  of  phases  is  not  prime  the 
system  may  sometimes  be  dealt  with  as  a  number  of  polyphase 
systems  having  mutual  inductance  between  them: — For  example, 
a  nine-phase  system  may  be  treated  as  three  three-phase  sys- 
tems, a  twelve-phase  system  as  three  four-phase  or  foiur  three- 
phase  systems.  In  certain  forms  of  dissymmetry  this  method  is 
of  great  practical  value,  and  its  application  will  be  taken  up  later. 

For  the  present  part  of  the  paper  we  shall  confine  ourselves 
to  the  three-phase  system,  and  dissymmetries  of  several  dif- 
ferent kinds. 

The  operators  Z.«  Zaa,  etc.,  must  be  interpreted  in  the  broadest 
sense.     They  may  be  simple  complex  quantities  or  they  may 

d 
be  functions  of  the  differential  operator  — -t- .     For  if 

i  =  I  {An  cos  n  w  t  +  Bn  sin  n  w  i) 
it  may  be  expressed  in  the  form 


i  -  I  (^"^'^"  ^^'  + 


-jnwt\ 


-L  +  1- 

real  part  of  / 


(34) 
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and  any  linear  algebraic  operation  performed  on  1/2  will  give 
a  result  which  will  be  conjugate  to  that  obtained  by  carrying 
out  the  same  operation  on  //2  and  since  the  true  solution  is 
the  sum  of  these  results,  it  may  also  be  obtained  by  taking  the 
real  part  of  the  result  of  performing  the  operation  on  /. 

Modification  op  the  General  Case  Met  With  in  Practical 

Networks 
Several  symmetrical  arrangements  of  the  operator  Z««  etc.* 
are  frequently  met  with  in  practical  networks  which  result  in 
a  much  simpler  system  of  equations  than  those  obtained  for 
the  general  case  as  in  equations  (29)  to  (33).  Thus  for  example 
if  all  the  operators  in  (26)  are  equal,  all  the  operators  in  (27), 
except  5*^  Z«„o  5^  Ztwo  and  5®  Zcvo  are  equal  to  zero,  and  these 
three  quantities  are  also  equal  to  one  another  so  that  equation 
(SO)  becomes 


5*  £al   =  0 
5«  £al  =  0 

and  equation  (33) 

5®  MuO  =  S^  {ZauO  +  Zbwo  +  Zevo)  luO 

S^  Eui^O 
5«  £u2  =  0 


(36) 


(36) 


This  is  the  statement  in  symmetrical  co-ordinates  that  a  sym- 
metrically  disposed  polyphase  transmission  line  will  produce 
no  electromagnetic  induction  in  a  second  similar  polyphase 
system  so  disposed  with  respect  to  the  first  that  mutual  induc- 
tions between  all  phases  of  the  two  are  equal  except  that  due  to 
single-phase  currents  passing  through  the  conductors. 

If  in  (26)  the  quantities  in  each  group  only  are  equal,  equations 
(30)  and  (S3)  become 


S^  EaO   =   -S*^  {ZauO  +  Zhwo  +  Zevo)  luO 

5*  jg.!  =  51  {ZauO  +  a*  Ztwo  +  a  Z^o)  Lx 
S^Rat^  S^  {ZauO  +  a  Zw  +  a*  Z^o)  Lt 


(37) 
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5^  £ai  =  5»  (Z««o  +  a  Zmpo  +  a«  Z^o)  /.i  (38) 

5*  -fi.2  =  5*  (Zo,iO+  tt*  Z6W0  +  a  Zewo)  hi 

Symmetrical  Forms  op  Common  Occurrence 

A  symmetrical  form  which  is  of  importance  because  it  is  of 

frequent  occurrence  in  practical  polyphase  networks  has  the 

terms  in  group  (I)  equation  (26)  all  equal  and  those  in  group 

2  T 
(II)  cos  -5—  times  those  in  group  (I)  and  those  in  group  (III) 

u 
4  T 

cos  —5—  times  those  in  group  (I). 


Since  cos 


2t 


— ^ —  =  cos  -^    we  have  on    substituting 


the  values  of  the  impedances  in  this  case, 

SP£ao-  S'  IZauo  (1  +  o  +  a«))  ho  =  0 

5^£al   =   511iZavo/ul 
5»  £.2  =    5«  U  ZauO  lut 

5»  £uo  =  5"  {Zauo  {l+a  +  a^)\  ho  =  0 

S'Mul^-   S"  U  Zauo  hi 
5»  £^2   =    5»  1 J  Zauo  L% 


(89) 


(40) 


The  elements  in  group  I  may  be  unequal  but  groups  II  and 

4t 

III  may  be  obtained  from  group  I  by  multiplying  by  cos  -«- 

and  cos  -^  respectively. 

The  members  of  the  three  groups  will  then  be  related  as  fol- 
lows, the  same  sequence  being  used  as  before^ 

(1)      Zau,       ^6pi       ^cw 


(11) 
(HI) 


g+o* 
2 

o  +  o* 


o  +  o* 


c  +  c» 


Zi, 


7  ?_±_i*      7 


a  +  a* 


(41) 
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Consequently  the  following  relations  are  true: 


5»Zm 

= 

a  +  a* 
2 

5»Z.., 

5«Z„, 

= 

a  +  a* 
2 

5»Z„, 

5>ZMr. 

= 

1  +  o' 
2 

5»Z«.i 

5«Z»« 

= 

1  +  o 
2 

.s*z«. 

5»Z„i 

= 

1  +  a 
2 

5>Z«„ 

s*z„* 

=s 

1  +  o* 
2 

5»Z„, 

(42) 


Substituting  these  relations  in  (30)  and  (SS)  we  have  for  this 
system  of  mutxial  impedances 

Zmo  +  Zm»o  +  Zcto  =»  0 


Zmo  +  o  Zmpo  +  a*  Zcto  =  li  Z^o 

Z«,o  +  O*  Zt»o  +  O  ZcO   =    li    Z«iro 

Z««i  +  Zt«i  +  Zci  =  li  Z«i 
Z«,i  +  a  Zmti  +  o*  Zcti  =  1 J  Z«,i 
Z«,i  +  a*  Zuri  +  o  Z„i  =  0 
Zmj  +  Zmti  +  Zc,i  —  li  ZoHt 
Z«,i  +  o  Z»«t  +  a*  Z„t  =  0 

Za,»  +  a*  Z»*t  +  O  Z„t   =  li  Zaut 

which  on  substitution  in  (30)  and  (33)  gives 

5«^e  =  0 

5»  £.1  -  51  (U  Z^i  /.,  +  U  Z».  /.I  +  IJ  Z„,  /«,) 

5»  ^,  -  5»  lU  Z„t  /.o  +  li  Z«,  /„  +  IJ  Z„o  Z-*} 

5»  £.,  -  5»  {U  Z„,  /.I  +  U  Z„r  /.,) 

5»  £.1  -  51  Hi  Z«,  /.,  +  U  ^-.1  /.t} 

5»  ^  -  5»  {IJ  Z^,  /„  +  IJ  Z«„  /„) 


(43) 


(44) 


(46) 


(46) 


(47) 
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2  TT 

The  above  symmetrical  forms  in  which  the  factors  cos  — ^ 

4  T 

and  cos  -5-  occur  apply  particularly  to  electromagnetic  induc- 
o 

tion  between  windings  distributed  over  the  surfaces  of  co- 
axial cylinders;  where  if  the  plane  of  symmetry  of  one  winding 
be  taken  as  the  datum  plane,  the  mutual  impedance  between 
this  winding  and  any  other  is  a  harmonic  function  of  the  angle 
between  its  plane  of  symmetry  and  the  datum  plane.  In  other 
words,  the  mutual  impedances  are  functions  of  position  on  the 
ciraunference  of  a  circle  and  may  therefore  be  expanded  by 
Fourier's  theorem  in  a  series  of  integral  harmonics  of  the  angle 
made  by  the  planes  of  sjmmietry  with  the  datum  plane.  Since 
the  same  procedure  applies  to  all  the  terms  of  the  expansion 
it  is  necessary  only  to  consider  the  simple  harmonic  case.  In 
the  partially  symmetrical  cases  of  mutual  induction,  such  as 
that  taken  up  in  the  preceding  discussion,  there  will  be  a  differ- 
ence between  two  possible  cases,  viz: — Symmetrical  primary, 
unsymmetrical  secondary,  which  is  the  case  just  considered,  and 
unsymmetrical  primary  and  symmetrical  secondary  in  which 
the  impedances  of  (26)  will  have  the  following  values 

a  +  a* 


(I) 
(ID 


Zhey 


(III) 


a  +  a^ 


g  +  a» 
2 

a  -h  o» 


g  +  g' 
~2~ 

g  +  g* 


(48) 


2  *""         2         ~'         2 

The  results  may  be  immediately  set  down  by  symmetry  from 
equations  (46)  and  (47),  but  the  difference  between  the  two 
cases  will  be  better  appreciated  by  setting  down  the  component 
symmetrical  impedances,  thus  we  have 
*^  «  g  +  g*  -r^  « 


0-  CbW9    — 

2 

s>z„,= 

a  +  a* 
2 

S"  Z»,i  = 

1  +  a 
2 

5*26.,= 

1  +  0* 
2 

5iZ„, - 

1  +  0* 
2 

5»Z«,- 

1  +  a 

5»Z, 


o«0 


S>-Z^i 


s*z, 


out 


S'Z^i 


s»z, 


ovS 


(«) 
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Substituting  these  relations  in  the  impedances  used  in  (30) 
and  (33)  they  become 

ZauQ  +  ZhWQ  +  ZevO  "  0 

ZpuO  +  d  ZhWQ  +  a*  Zevd  =   li  Zmi^  ]        (66) 

ZomO  +  O^  Zbwo  +  fl  ZcvO  =   li  Z««o 

Zaul  +  Zfcwi   +  Z„l   =    li  Z«vl 

Zaui  +  a  Zn.1  +  a»  Z..1  =  0  (61) 

Zotti  +  a*  Zfctpi  +  a  Zcvi  =  li  Zaui 

Z««2  +  Zn»i  +  Zett  =    li  Za,.! 

Z.^,  +  a  Ztwi  +  fl*  Zc.2  =  U  ^a-t  [     (52) 

Zaui  +  flt*  Zfcwj  +  a  Zevi   =  0 

And  we  have  from  (30)  and  (33),  or  by  symmetry 

5^  ^al  -  5^  {  U  ZauO  lul  +  14  Z..,  /.2}  [       (68) 

5*  £.J   =    5«    lU  2-1  /-I   +   U  ^.uO  /u2 

5®  £uo  =  0 

S»  £.1   =   5»    lU  Zaui  TaO  +   U  2«uO  hi   +   U  ^.u.  /«t)  }        (64) 

5«  £u2   =   5«   {14  Z«u2  /.O  +   14  2.-1  J^«l  +   14  ZauO  Iut\ 

If  the  angle  between  the  planes  of  symmetry  of  the  coils  and 

2  T  4ir 

the  dattun  plane  are  subject  to  changes,  cos  —5—  and  cos  — 5— 

in  the  preceding  discussion  must  be  replaced  by 


cos 


2  '^  ^  2  * 


^     2     *^ 


(M) 


where  0  is  measured  from  the  datum  plane 

In  the  strictly  symmetrical  case  of  co-axial  cylindrical  sur- 
face windings  in  which  the  members  of  each  group  of  mutual 
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impedances  are  equal,  the  result  of  substituting  (66)  in  the 
equations  for  induced  e.m.f.  will  be 

5»  £.0  =  0  \ 

5l£.i  =  5^(liZauO€^'    lul)  (66) 

5«£a«   =   5«(liZauOC-^»/.,)  J 

S^£uo^  0  \ 

5^  £.1   =   S'  (1 J  Za.o  C-^'^  /al)  (67) 

5«  £.,   =   5»  di  ZauO  €^'     /at)  J 

In  the  case  having  symmetrical  primary  and  unsymmetrical 
secondary  in  which  members  of  each  group  are  different,  but 
in  which  there  are  harmonic  relations  between  corresponding 
members  of  the  different  groups,  the  impedances  are 

(I)  Zauf      Zhw,      Zcw 


(58) 


The  synunetrical  component  mutual  impedances  will  have  the 
following  values  in  terms  of  Za«o  ^mi  Zn* 

S*  Z».|  =  (-^  6^»  +  ^)  "^  ^•-> 
S»  Zt^  =  {^  +  -|-«^')  5*  Z.«, 
5»  Z„,  =  (-5-  6"  +  -^)  5»  Z..J 
5»  Z„,  =  (^  +  -f-€-^*)  5»  Zo., 


(69) 
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Substituting  these  relations  in  the  impedances  of  equations 
(30)  and  (33)  they  become 

Zau9  +  Zfrvo  +  Zcp^  =  0 

Z«.o  +  a  Zkwo  +  a«  Z^^o  =  U  Z..o  €-V^  [  (80) 

Z«»o  +  a»  Zw)  +  a  Ze,o  =  U  Z«»o  €^' 


Za«i   +  Z6W1  +  Ze»i    =    IJ  Za«i  €    -^^ 

Za%\  +  a*  Zfcwi  +  a  Zevi  =  0 


(61) 


2«.»  +  a  Zm»»  +  o*  Z„,  =  0  (62) 

which  on  substitution  in  (30)  and  (33)  give 
5»^o  "  0 

5»  ^1  »  5»  lU  2.-1  «^*  /.o  +  U  Z.«o  «^*  /.I 

+  U  2.««  e^*  ht)  \     (63) 

5«  £.,  =  5*  {li  Z..,  €->•  /.«  +  U  Z.«,  «->*  /«i 

+  liZ.«,«-i*/.,) 

5»  £.0  =  5»  I  li  Z„,  «->•  /.,  +  li  Z«.  €^»  /.,} 

5*  ^,  =  5>  I  li  Z..,  €-■"  /.,  +  li  Z.«,  e^'  /.,)  [     (64) 

5«  £.,  =  5»  Hi  Z..,  €->♦  /.,  +  li  Z.„  e^*  /.,} 

In  the  case  of  unsynunetrical  primary  and  symmetrical 
secondary,  we  have  for  the  value  of  the  impedance  in  terms  of 
Zavo  Zmi  and  Zmt 

(I)  Zaut      Zh,       Z«» 

(ii)(-f  .y'+4.-i.)z.. 


a 
2 


6^*    + 


4«-") 


(-i-'"+-T«-")^-(- 


(••) 
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(66) 


The  sjnnmetrical  component  mutual  impedances  in  terms  of 

^auOi  ^ault  ^aut  ^^C 

5'  Z».,  =  (-^  +  -|-«"-")  ^  ^"^ 

5'  Z.,1  =  (-^  +  -y-«--")  5^  Z..1 
5»  Z„t  =  (-|-  €^*   +  ^^  S*  Z.., 

And  the  impedances  of  equations  (30)  and  (33)  become 

Z««o  +  Z»»o  +  Zet9  =  0 

Z««o  +  O  Zm»0  +  O*  ZewO  =   li  ZtoO  «"■" 

Z.«o  +  o*  Z»»o  +  o  Z„o  =  li  Z,uo  «^* 
Z..I  +  Z».,  +  Z„i  =  li  Z..1  «>* 
Zm,i  +  a  Zh^i  +  c*  Zci  =  0 
Z««i  +  a*  Zt.,  +  a  Z„i  =  li  Z.,1  t'i* 

Zaui  +  Z»»j  +  Zept  =   li  Z,,»  €~^* 

Z.«,  +  o  Z».,  +  a*  Z„t  =  li  Z..,  «>♦ 
Z„,  +  fl*  Z».  +  aZ„t  =  0 


(67) 


(68) 


(69) 


And  on  substitution  in  (30)  and  (33),  or  by  symmetry  from 
(63)  and  (64),  we  have 

5»  £.0  -  5»  {U  Z..,  t"  lui  +  14  Z..1  6->*  /«,) 

5*  £.,  -  5»  { U  Z.«.  e^»  /.,  +  li  Z..,  «-^*  /.,)         [  (70) 

5»  &,  -  5»  |li  Z«i  «^»  /.,  +  li  Z...  6->»  /., 
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5*^0  =  0 

5»  £.,   =   5*   (li  Zaul  €->•  laO  +  14  ZauO  C'^'  /.I 

+  U  Z«.2  €->•  /a,)  \  (71) 

A  fuller  discussion  of  self  and  mutual  impedances  of  co-axial 
cylindrical  windings  will  be  found  in  the  Appendix.  It  will  be 
sufficient  to  note  here  that  in  the  case  of  self  inductance  and 
mutual  inductance  of  stationary  windings  s)mimetrically  dis- 
posed if  they  are  equal 

2  n  T\ 


Mob  =   Mu  =   Mca  —I  I  An  COS 


Lu   =   La 


Maa  =    Mil 


M„  =  lA, 


(72) 


If  the  windings  are  S3niimetrically  disposed  but  have  different 
niunber  of  turns 


Lee  —   Mee  =   i"  C, 

M^  =  l(^  VITs; COS  ^p") 
M^^l(^  VITC.cos^) 
Af„  =  2- (VciTi;  COS  ^) 


(73) 


(74) 


If  the  coils  are  alike  but  unsymmetrically  spaced  Laa  Lu  Lee  have 
the  same  values,  namely  I  An  and 

Mah  =   i*    I  (i4,i  COS  «  ^i)  COS  — y^ 

+  (An  sin n  5i)  sin  — |—  ^ 
Jlf^,  =  2   I  (i4,i  cos  »  ^2)  cos  -^ 

+  (An  sin  n  ^j)  sin  -^^  ^ 
J^«a  —  -^   J  (-^^  ^^s  n  5j)  cos  — 5— 


+  (i4„sinn  0%)  sin 


2mr 


I 


(75) 
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If  they  are  tuiequal  as  well  as  unsymmetrically  disposed  but  are 
otherwise  similar  Laa  Lu  Lee  have  values  as  in  (64)  and 

Mob   =   -2*    I  (VAn  Bn  cos  ft  0i)  COS  — ^ 

+  (y/An  Bn  sin  n  0i)  sin     ^^  | 

Mhc   =    -2*  I  (y/Bn  Cn  cos  ft  0t)  COS   -~ 

+  (VBn  Cn  sin  n  Ot)  sin  -^  [ 

Mca   =   ^  ]   (VCb  i4n  cos  n  0i)  COS 


3 

2n7r 


+  {y/Cn  i4n  sin  n  0z)  sin  — ^  j- 


(76) 


Where  the  windings  are  dissimilar  in  every  respect  the  expres- 
sions become  more  complicated.  A  short  outline  of  this  subject 
is  given  in  the  Appendix. 

In  the  case  of  mutual  inductance  between  two  coaxial  cylindri- 
cal systems,  one  of  which  A,  5,  C  is  the  primary  and  the  other 
£/,  7,  W  the  secondary,  the  following 
conventions  should  be  followed: 

(a)  All  angles  are  measured,  taking 
the  primary  planes  of  symmetry  as  data 
in  a  positive  direction. 

(b)  The  datum  plane  for  all  windings 
is  the  plane  of  symmetry  of  the  primary 
A  phase. 

motions    unless 

be  considered  as 

the    secondary 


A 

U 


RoUtion 


W«, 


B  C 

Pig.  3 — Conventional 
Disposition  of  Phases 
AND  Direction  of  Ro- 
tation. 


(c)  All  mechanical 
otherwise  stated  shall 
positive  rotations  of 
cylinder  about  its  axis. 

(d)  The  conventional  disposition  of 
the  phases  and  the  direction  of  rotation  of  the  secondary  wind- 
ing are  indicated  in  Fig.  3. 

We  shall  consider  five  cases;  Case  1  being  the  completely  sym- 
metrical case  and  the  rest  being  symmetrical  in  one  winding,  the 
other  winding  being  unsymmetrical  in  magnitude  and  phase,  or 
both,  but  all  windings  having  the  same  form  and  distribution  of 
coils. 
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Case  I.    AU  Windings  Symmetrical, 
Man  =  Mk9  —  Jlfc  ^  I  An  COS  nO 

M,^  ^Mcu^  Ma,^I  An  cosnf^  +  e) 


1058 


Me9  =   Ma^ 


Mhu  =  I  An  cos  n 


(V + •) 


(77) 


Case  II.    Primary  Windings  equal  and  Symmetrical,  Secondary 
Windings  unequal  but  otherwise  Symmetrical. 

M,u  —  I  Ancosnd,  Mi,  =  I  BnCosn  6, 

Mc  =  I  Cu  cosn  $ 

Mm,  =  JC,cos«  (^  +  ^). 


M„  =  IBnCosn(^  +  ej 
M„^IBnCosn(^  +  ey 
M„  =  ICnCosn(^  +  ey 


Miu  =  I  An  COS 


(78) 


Case  III.  Primary  Windings  Unequal  but  Otherwise  "Symmetri- 
cal, Secondary  Winding  Equal  and  Symmetrical. 
Mm»  -2^,cos«  tf,JI/»,='2  5,cosn&,  M««  =  2C»cosnd 

Ml.  -  2  B,  cos  n  (^  +  d), 
JIf  «  =  2  C,  cos  «  (■^.  +  d) 

Af„  «  2  i4.  cos  »  (~3~  +  9 J 

M„~ZC,  cos  n  {-f  +  ^)' 

Jf.,  =  2  i4,  cos  «  (it  +  ^} 
Mtu  =  2  B,  cos  »  (^  +  «) 


(79) 
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Case  IV,  Same  as  Case  II  except  in  addition  to  inequality 
Secondary  Windings  are  Displaced  from  Symmetry  by  angles  ai 
at  and  az  whose  sum  is  zero. 

Man  =  S  (i4,i  COS  «!  COS  n  0  +  An  sin  ai  sin  n  0) 
Mb9  =  S  (Bn  cos  at  cos  n0  +  Bn  sin  at  sin  n  0) 
Jlf«w  =  2  {Cn  cos  aj  cos  n  5  +  Cn  sin  as  sin  n  0) 

Mhu>  =  S  I  Cn  cos  as  cos  n  (— ^ h  01 

+  Cn  sin  as  sin  n  f -^ h  Oj 

Meu  =   S  I  i4n  COS  ai  cos  n  (  — 5 h  01 

+  An  sin  ai  sin  n  (—5 1-  Oj 

Mav  =   S  I  5n  cos  a2  cos  n  f  — 5 h  01 

+  Bn  sin  a,  sin  n  (^  +  0)  \      f      (80) 
Mev  «    S  I  5n  cos  aj  COS  n  (  — r h  01 

+  Bn  sin  a2  sin  n  ( -~-  +  Oj 

Maw  =  S    I  Cn  COS  as  COS  n  [—5 h  01 

'49r 


+  Cn  sin  as  sin  n  (—^  +  0 


JIf, 


) 

'6«  =  S   I  i4n  COS  ai  cos  n  l—^  +  Oj 
+  An  sin  ai  sin  n  (—^  +  ^) 


Caj«  V.  Same  as  Case  III  except  that  the  Primary  Windings 
are  Unsymmetrically  disposed  with  respect  to  one  another  as  well  a^ 
being  unequal. 
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Mau  =  S  {An cos  ai  cos  n  5  +  i4n  sin  ai  sin  n  0) 
M^  =  2  (Bn  cos  a2  cos  n  5  +  5»  sin  «« sin  n  0) 
Mey,  =  S  (Cn  cos  ofi  COS  n  5  +  Cn  sin  as  sin  n  0) 

Mbw  =  S   I  5»  cos  at  cos  n  f  — 5-    +  5  j 

+  Bn  sin  a2  sin  n  (-3-  +  ^j 
McM  =  S    I  i4»  cos  ai  cos  n  (  -5 h  0) 

+  An  sin  ai  sin  n  f—g h  0) 

Mav  =  2    I  Cn  cos  aa  cos  n  (— «-  +  ^) 

+  Cu  sin  ai  sin  n  (  — 5 h  51 

Mcv  =  2    I  Cn  cos  as  cos  n  (  — ^ h  0) 

+  Cn  sin  a*  sin  ^J-g h  ^j 

Maw  =  2    I  i4n  cos  ai  cos  n  (  — 5 h  5  j 

+  An  sin  ai  sin  n  (-^  +  0j 
Mbu  =  2    sBn  cos  a2  cos  n  (— o~  +  ^) 

+  Bn  sin  a2  sin  n  (— 5-   +  ^j 


1066 


(81) 


The  expressions  for  dissymmetry  in  both  windings  and  for  un- 
syniinetrically  wound  coils,  etc.,  are  more  complicated  and  will  be 
dealt  with  in  the  Appendix. 

The  impedances  Zaa  Z»,  etc.,  Zau  2*»,  etc.,  are  functions  of 
Maa  Mhbf  etc.,  Mau  Mbv,  ctc,  and  the  resistances  of  the  system. 
The  component  of  e.  m.  f.  proportional  to  the  current  due  to 
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mutual  impedance  is  so  small  that  it  may  generally  be  neglected 

so  that  Zau  becomes  —rr-  M^u,  Zhv  =     .,     Mjn  and  so  forth. 
at  at 

If  the  secondary  winding  is  rotating  at  an  angular  velocity 
a,  B  in  equation  (66)  becomes  a  i  and  the  operators  Zamt  etc. 
operate  on  such  products  as  ^^  lui  ^^  Iu%  where  /«i  and 
/«2  are  the  variables. 

The  following  relations  will  be  found  useful  in  the  application 
of  the  method  in  actual  examples. 

If  D  denotes  the  operator  -^  and  ip  (Z)  is  a  rational  algebraic 
function  of  Z 

^  (P)  e«*  =  y;  (a)  ««' 

sp  (D)  [e^'  X]  =  e"   ^  (Z>  +  o)  a:  ►     (82) 

^  (D)  F  =  e^'  ^{D  +  a)  Y  e-^' 
Where  X  and  Y  may  be  any  function  of  x. 

Star   and    Delta  e.iii.fs.  and  Currents  in  Terms  of  Symmetrical 

Components 

It  has  been  shown  in  the  preceding  portion  of  this  paper  that 
the  e.  m.  fs.  £«  £b  and  £«  and  the  currents  /«  h  and  /«  whatever 
their  distortion,  may  be  represented  by  the  sum  of  symmetrical 
systems  of  e.  m.  fs.  or  currents  so  that  the  two  expressions 

S  (Ma)  =  5«  £ao  +  5^  £.1  +  5*  £.2 

5  (/«)  =  5^  /.o  +  5^  /.I  +  5*  /«2 
completely  define  these  two  systems. 

If  we  take  the  delta  e.  m.  fs.  and  currents  corresponding  to 
5°  £.0, 5*  -fioi  and  5*  &a%,  S^  /.i,  5*  /«2,  we  have,  since  £ui  leads  £.1 

and  &be2  lags  behind  J§«2  by  the  same  angle 

5«  ^0  «  0 

5«^2  =  -i\/3  5«£.2 

5*  Ihco   =  indeterminate  from  5  (/«)  (84) 


(88) 


by 


2 


-  ■'w^^- 


^/, 


tet 


-J 


V3 


5«/. 


aS 
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And  therefore  if  we  take  M^t  as  the  principal  vector 

S  (&^)  =  5*  jSa*i  +  5*  Mm 
The^last  equation  of  group  (86)  when  expanded  gives 
£«6  =  j  V3  (a  JS.i  -  a«  £.,) 
£*«  =  j  V3  (£.1  -  £.t) 
&ca  =  i  V3  (a»  £.1  -  a  £.,) 


1057 


(86) 


(86) 


which  ma^  also  be  obtained  direct  from  (8S)  by  means  of  the 
relations 


Similarly 


Etc  =  £«  —  £5 

S^  lab  ^  indeterminate  from  5  (/«) 
V3 

S  {U)  ^  S^Im  +  S'Ui  +  S'  Im 


(87) 


with  similar  expression  for  /ok  Ibe  and  /^  which  may  be  verified 
by  means  of  the  relations 

Ta   "=  lea"  lab  +  ho 

h  ^  Tab—  Ibc  +  -Uo 

/«   =  Ae  —  /••  +  ho 

Conversely  to  (84)  we  have  the  following  relations 
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5*^  £«o  =  indeterminate  from  S  {£ab) 


5»£ai  ='-iy|^  S^^ui 


=-i^^&.. 


i^^£- 


J:^s-E.. 


(88) 


5**  /oo  =  indeterminate  from  5  (/ok) 

5«  /.,  =     j  VSS'  Ihc  =     ja  \/3  5*  /a*i 


It  will  be  sufficient  in  order  to  illustrate  the  application  of 
the  principle  of  symmetrical  coordinates  to  simple  circuits  to 
apply  it  to  a  few  simple  cases  of  transformer  connections  before 
proceeding  to  its  application  to  rotating  polyphase  systems  to 
which  it  is  partictilarly  adapted. 

Unsymmetrical  Bank  of  Delta-Delta  Transformers 
Operating  on  a  Symmetrical  Circuit  Supplying  a 
Balanced  System 

Let  the  transformer  effective  impedances  be  Zab  Zbc  Zqa  and 
let  the  secondary  load  currents  be  /«  /v  and  /w  and  let 
the  star  load  impedance  be  Z.  One  to  one  ratio  of  trans- 
formation will  be  asstmied,  and  the  effect  of  the  magnetizing 
current  will  be  neglected.     The  sjnmmetrical  equations  are 


0  ^  ^  {Zj^  labO  +  Zab2  io61  +  ZabI  ^abi) 

S^  Eutl    —   S^  £abl  —   "S*  (Za81  lohO  +  ZabO  labl  +   Zab2  Tabt) 
•S*  E^vt  =  0—5*  (ZabJ  fabO  +  Za81  io61  +  ZabO  ^062) 
5«  /hO    =   0 

S^  Z  All  =  Eui 

S^  Z  lut  =  Eui 


(89) 


Since  the  transformation  ratio  is  unity  and  the  effects  of 
magnetizing  currents  are  negligible  S^  lati  =  5*  /uvii  •S*  Iah% 
*  5*  /uyj.  And  therefore  by  means  of  the  relations  (86),  the  last 
two  equations  may  be  expressed 
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5"  £n^i  =  51  3  Z  /a*i 


in  other  words,  the  symmetrical  components  appear  in  the 
secondary  as  independent  systems,  3  Z  being  the  delta  load  im- 
pedance equivalent  to  the  star  impedance  Z. 

Substituting  from  (90)  in  the  second  and  third  equation  and 
eliminating  /«m  by  means  of  the  first  equation,  and  we  have 


<«frl 


(»1) 


which,  when  5*  and  5*  are  removed,  give  two  simultaneous  equa- 
tions in  I^i  and  labt- 

A  modification  of  the  problem  may  occur  even  when  the  load 
impedances  are  symmetrical,  as  they  may  have  symmetrical 
but  unequal  impedances  Zi  and  Zi,  to  the  two  components 
/vi  and  /u2  respectively,  as  in  the  case  of  a  load  consisting  of  a 
symmetrical  rotating  machine.  The  equations  corresponding 
to  (89),  (90)  and  (91)  then  become 

O  =  S«  (Z^  Im  +  Z^  Im  +  Zm  Jm) 

S^  Eu9i  =*  5*  £flM  —  5*  (Za»i  labo  +  Zjao  i«n  +  Zau  labi) 

S^  En9t  «  0  —  5*  (ZaU  iobO  +  Za81  ioM  +  Zjao  io62) 

5*  Zi  ini  =  £«i 

•S*  Zj  /«j    «    iL«2 

51  je«.i  «  5»  3  Zi  /^i 
5»  £«.,  =  5«  3  Z,  /«6, 


(92) 


(M) 
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5» 


(M) 


Fig.  4 — Opbn  Dblta  or  V  Conmbction. 

In  an  open  delta  system  Zabi  »  ^am  "=  ^aso  —  ^ab  the  trans- 
formers in  this  case  being  both  the  same.  Equation  (91)  becomes 
in  this  particular  case  where  Z^ao  is  infinite 


5»^i  «  5*  {(3Z  +  2Z^)  /a*  +  Z^  /^,} 
5«0  =  5«  {Z^/„n  +  (3Z  +  2Z^  /^,} 

and  we  have 

Similarly,  instead  of  (94)  we  have 

S'M^i^S  {(3Zi  +  2Z^  /.»i  +  Z^  /«62} 
5*0  -  5«  {Z^/ofci  +  (3Z,  +  2Z^)  Im] 


(96) 


(96) 


(97) 


The  secondary  voltages  are  obtained  from  (90)  and  (93)  for 
this  latter  case. 
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The  solution  of  (96)  gives 

3  Z,  +  2  Z*. 


•"  ~     {3Z,  +  3Z^  (3Z,  +  Z^    ^ 


IM   -   — 


/-•  =  - 


(3Zi  +  3Z*,)(3Zi  +  Z^ 


1 


3  Z.  +  3  Z^ 


£* 


And  we  have 


3  Zi  +  2  Za, 


5«/. 


a2 


And  therefore 


i« 

z. 

^       3 

/. 

z, 

& 

^       3 

f 

z, 

£. 

^e 

(Z, +  Z^(Z, +-|i!-) 

Z^ 

(Z, +  Z^(Z, +-|i2.) 


iz. 


£. 
^ 


(Zi  +  Z«)  (, 


z,  + 


) 


£fl5 


iz. 


(z,  +  z„)  (  z.  +  -f*-)^- 


(98) 


(W) 


(100) 


Three-Phate  System  with  Symmetrical  Waves  HaTing  Hanuonics 
We  may  express  £.  in  the  following  form : 


(101) 


where  £«  is  in  general  a  complex  number. 

If  the  system  is  symmetrical  three-phase  £b  is  obtained  by 

2  TT 

displacing  the  complete  wave  by  the  angle  —  — =-  or 

o 
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.6* 


& 


-i— 

6      ^£,  eX  +  e 


(102) 


£.   «  €       ^    £i  €^«''   +  €       ^  £,  €^2i.<    €   "^£3  €^'     +     .  . 
.2*  .2* 

or  since  €  =  a*,  €         =0  etc. 

£.  =  £1  e>«"  +  £«  e^^"^  +  El  ^^^   +      .      .     . 

£5  =  a«  £1  e^*''  +  aEt  €>2i«'<  +  £,  e^'Si.*  +     .     , 

£e  =  a  £1  6J''«"  +  a«  £j  e>2«"  +  £8  e>3ir/  +    .    .   . 

or 

5(£.) -5«{£,€^3*i  +£^c,./  +  £,e>0'-'+  .     .     .     I' 

+  5>{£ic^'«''    +£4€^4^'  +  £7€^^«"    +...)[   (103) 

+  5'{£,€^'«*'  +£B€^5i.t+jSge^-8«,r+        .      .       }^ 
5  (£a)   =  5»  2  (£,n  €^"3*«'0  +  5^  S  (£.»-2  €^(3«-2)t.l  )  + 

5'2(£,n-,€^-(3«-i)«'0  (104) 

This  shows  that  a  symmetrical  three-phase  system  having 
harmonics  is  made  up  of  positive  and  negative  phase  sequence 
harmonic  systems  and  others  of  zero  phase  sequence,  that  is  to 
say  of  the  same  phase  in  all  windings,  which  comprise  the  group 
of  third  harmonics.  These  facts  are  not  generally  appreciated 
though  they  are  factors  that  may  have  an  appreciable  influence  in 
the  performance  of  conmiercial  machines.  It  should  be  particu- 
larly noted  that  in  three-phase  generators  provided  with  dampers 
the  fifth,  eleventh,  seventeenth,  and  twenty-third  harmonics 
produce  currents  in  the  damper  windings. 

In  dealing  with  the  complex  variable  it  will  be  convenient  to 
use  for  the  amplitude  the  root  mean  square  value  for  each  har- 
monic. When  instantaneous  values  are  required,  the  real  part 
of  the  complex  variable  should  be  multiplied  by  V2.  In  the 
remainder  of  this  paper  this  convention  will  be  adopted. 

Power  Reprasentatioii  in  Symmetrical  Co-ordinatei 

Since  the  power  in  an  alternating-current  system  is  also  a  har- 
monically varjdng  scalar  quantity,  it  may  therefore  be  repre- 
sented in  the  same  manner  as  the  current  or  electromotive  force, 
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that  is  to  say  by  a  complex  variable  which  we  shall  denote  by 
(P  +JQ)  +  (Pn  +JQr),P+JQ  being  the  mean  value,  is 
the  term  of  the  complex  variable  of  zero  frequency,  P  represent- 
ing the  real  power  and  Q  the  wattless  power,  VP*  +  Q^  will  be  the 
volt-amperes. 

The  value  of  the  complex  variable  (P  +  j  Q)  +  (Ph  +  j  Qn) 
may  be  taken  as 

iP+JQ)  +  (Ph  +jQu)  ^  EI  +  &I  (106) 

with  the  provision  that  for  all  terms  having  negative  indices  the 
conjugate  terms  must  be  substituted,  these  terms  being  present 
in  the  product  JS  /  +JS  /,  which  is  the  conjugate  of  the  product 
(106).  A  similar  rule  holds  good  for  the  symmetrical  vector 
system 


5(/a)  =  5'/.o  +  5^/.i+     . 
The  conjugate  of  S  /«  is 

5(/a)=S«/aO  +  5<« -!)/.!  + 


+5«-i/.(».i) 

.     +5l/a(»-l) 


(106) 


(107) 


and  the  power  is  represented  by 

(P  +  P,)  +j  (Q  +  e*)  =  S  {5 (£a)  5 (/a)  +  5  (£.)  5  (/.)}  (108) 

with  the  same  provision  for  terms  having  negative  indices.  The 
sign  X  signifies  that  all  the  products  in  each  sequence  are  added 
together. 

2  IS  (/.)  S  (£a)]   =2  5'  {/ao  £.0  +  /.I  £.1  +     .     . 

+  /o(«-l)  -fiflCn-l)} 

+   S  5\  {/ao  &al   +  lal  ^.2  +  L%  £.|  +       .       .       . 

+  /a(ii-l)    -Eao} 

\        (109) 
+   2   5*   {/«0  £.2  +   /.I  £.3   +  lat&i+       .       .       . 

+  Zi(ii-1)  £al} 
+   S  5<«-l)    {/ao  £a(n-l)+  /«!  ^aO  +       •       .       • 
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The  terms  prefixed  by  5^  5*,  5»  .  .  .  5<"-^>  all  become 
zero  and  since  5*  becomes  n 

S5(/a)5(je«)  =  n{/«o£.o  +  /.i£.i+     ... 

+  Iain^l)  £ain-l)\  (HO) 

In  a  similar  manner  it  may  be  shown  that 

S  5  (io)  S  (Ea)    =*  «  {/aO  -EoO  +  iol  -E«(ii-1)  +  hi  -£o(i»-2)  +    .    .    . 

+  /a(»-l)     £.l|  (111) 

and  therefore 

(112) 

+  n  { ico  -SflO  +  iol  -Ea(ii  -  1)  +       .       .       .  +  Jain-  1)-E«i  } 

For  a  three-phase  system  the  expression  reduces  to 

(P  +JQ)  +  (Pu   +jQl)   =  3  (/aO^aO  +  lai&al  +  Ut&at) 

(113) 
+  3  (/«0  -EoO  +  iol  -£02  +  Jat  -Eol) 

In  the  above  expression  P  +  Ph  is  the  value  of  the  instantan- 
eous power  on  the  system,  P  being  the  mean  value  and  Ph  the 
harmonic  portion.  When  the  currents  are  simple  sine  waves,  Q 
may  be  interpreted  to  be  the  mean  wattless  power  of  the  circuit 
or  the  sum  of  the  wattless  volt-amperes  of  each  circuit.  In 
rotating  machinery  since  the  coefficients  of  mutual  induction 
may  be  complex  harmonic  functions  of  the  angular  velocity, 
this  is  not  strictly  true  for  all  cases ;  but  if  the  effective  impedances 
to  the  various  frequencies  of  the  component  currents  be  used,  it 
will  be  found  to  be  equal  to  the  mean  wattless  volt-amperes  of 
the  system  with  each  harmonic  considered  independent. 

In  a  balanced  polyphase  system  Ph  and  Qn  both  become  zero. 

The  instantaneous  power  is  a  quantity  of  great  importance  in 
polyphase  systems  because  the  instantaneous  torque  is  propor- 
tional to  it  and  this  quantity  enters  into  the  problem  of  vibra- 
tions which  is  at  times  a  matter  of  great  importance,  especially 
when  caused  by  unbalanced  e.  m.  fs.  A  system  of  currents 
and  e.  m.  fs.  may  be  transformed  to  balanced  polyphase  by 
means  of  transformers  alone,  provided  that  the  value  of  Ph  is 
zero,  while  on  the  other  hand  polyphase  power  cannot  be 
supplied  from  a  pulsating  power  system  without  means  for 
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supplying  the  necessary  storage  to  make  a  continuous  flow  of 

energy. 

PARTU 

Application  of  the  Method  to  Rotating  Polyphase  Networks 

The  methods  of  determining  the  constants  Z.  Z*,  Af,  etc.,  of 
co-axial  cylindrical  networks  is  taken  up  in  Appendix  I  of  this 
paper.  It  will  be  assumed  that  the  reader  has  familiarized  him- 
self with  these  quantities  and  understands  their  significance. 
We  shall  first  consider  the  case  of  symmetrically^  wound  machines 
taking  up  the  simple  cases  first  and  proceeding  to  more  complex 
ones. 

Symmetrically  Wound  Induction  Motor  Operating  on 
Unsymmetrical  Polyphase  Circuit 
Denoting  the  pole-pitch  angle  by  ir  let  the  synchronous  angular 
velocity  be  coo  and  let  the  angular  slip  velocity  be  coi.  And  let 
5*  Eai  5*  £«a  be  the  symmetrical  components  of  impressed  poly- 
phase e.  m.  f.  Let  Ra  be  the  primary  resistance  and  Ru  the 
secondary  resistance.  The  primary  self-inductance  being  Moat 
that  of  the  secondary  being  Muu  and  corresponding  symbols 
being  used  to  denote  the  mutual  inductances  between  the  dif- 
ferent pairs  of  windings.  Then  by  means  of  (39),  (40),  (66)  and 
(67) 

5»  &i    =    5^    {  i?.  Ll   +   li   Maa  -JJ   fax 


+   U  M,u  -jj-€'J^^'^^)' 


lut) 


5»  £.1  =  0  =  51  I  i?^  /^i  +  U 


^"--57  ^"' 


+    liMa.  -|^€-><«--»>'/al} 


5«  £«2  =  0  =  5«  {  i?^  /^,  -h  li 


Mu 


di 


(114) 


+   liM««-J^€^'^^-^>)'/«2} 
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denote  1}  JI/m  by  Z.,  and  1}  Af..  by  L«,  1^  Jl/..  by  M,  the  equa- 
tions (1)  become 


51  £.,  »  O  =  5*  {  (j?,  +  L.  -^)  /.I 
5»  £.,  =  0  =  5»  {  (i?,  +  L,  -^)  /., 


From  the  last  two  equations  we  have 
/.I 


dt 


Ru  -\-  Lu 


dt 


M 


dt 


f^' (••-••>• /.I 


e^  («»-»>)«  /., 


R»  +  Ln 


(f/ 


(115) 


(116) 


(117) 


Substituting  these  in  the  first  two  equations  of  (116)  we  obtain 


5'  £.1  =  51 


(i^  +  L.-^) 


/.I     (118) 
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5»£. 


«t 


5» 


(r.  +  l.-^)-' 


(119) 


If  £,1  =  £.1  €^  and  -£,1  =  Eat  ^^  the  solution  for  /.i  and  /,f 
will  be 


/.. 


(lao) 

(121) 


Where 

Z.  -  i?.  +  JW.L.  +    jj'^'jfj^t   {R,-jwxL,)        (122) 

-Z,   •=  R.+jmL.  + 

The  impedances  Zi  and  Zs  will  be  found  more  convenient  to  use 
in  the  form 

Zi  -  (iJ.  +  Ki*  R,)  +j  Wo  (L.  -  Ki*  L«)  +    ""^I""'   Xi^ii. 


Z, 


Wi 


Wo—  Wl 


(124) 


£t  Wo — Wi 

(125) 
Where,  as  we  will  see  later,  K^  and  K^  are  the  squares  of  the 
transformation  ratios  between  primary  and  secondary  currents 
of  positive  and  negative  phase  sequence. 

The  last  real  term  in  each  expression  is  the  virtual  resistance 
due  to  mechanical  rotation  and  when  combined  with  the  mean 
square  current  represents  mechanical  work  performed,  the  posi- 
tive sign  representing  work  performed  and  the  negative  sign 
work  required. 

Thus,  for  example,  to  enable  the  currents  5*  /•2  to  flow,  the 

mechanical  work  3  la^  -^ — ^  K^  R%  must  bc  applied  to 

Z  Wo  —  Wi 

the  shaft  of  the  motor, 
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The  phase  angles  of  the  symmetrical  systems  5*  /.i  5*  /•« 
with  respect  to  their  impressed  e.  m.  f.,  S^  j6«i  and  5*  J6«j  are 
given  by  these  impedances  so  that  the  complete  solution  of  the 
primary  circuit  is  thus  obtained. 

The  secondary  currents  are  given  by  equations  (116)  and  (117) 
and  are 

j  Wi  M 


/..  =  - 


Rm  +  j  Wi  L, 


/.,  e'«"«=  Kil,ie>"' 


(126) 


/..-- 


j  (2  Wo  —  Wi)  M 
Ru+j{2wo-  Wi)Lu 


(127) 

In  the  results  just  given,  M  is  not  the  maximum  value  of 
mutual  inductance  between  a  pair  of  primary  and  secondary 
windings  but  is  equal  to  the  total  mutual  inductance  due  to  a 
current  passing  through  the  two  coils  W  and  V  through  the  coil 

y 


.^^ 


Fig.  5 

U  as  shown  in  the  sketch  Fig  5  and  the  winding  **i4"  when  A 
and  V  have  their  planes  of  symmetry  coincident. 

Where  the  windings  are  synmietrical  the  induced  e.  m.  f.  is 
independent  of  the  division  of  cturent  between  W  and  F,  but 
this  quantity  must  not  be  used  in  unsymmetrical  windings,  or 
with  star  windings  having  a  neutral  point  connection  so  that 
/ao  is  not  zero. 

The  appearance  of  M  in  this  equation  follows  from  the  equa- 
tion 

so  that 

/-  =  -  (/•  +  /•) 

The  power  delivered  by  the  motor  is 
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The  copper  losses  are  given  by 

Pl  «  3  {/.!« (U.  +  Ki^  Ru)  +  lat'  (R^  +  Kt^  J?.) }         (129) 

The  iron  loss  is  independent  of  the  copper  loss  and  power  out- 
put.   The  iron  loss  and  windage  may  be  taken  as 

Pw  »  Iron  loss  and  windage  (ISO) 

The  power  input  as 

P,  =  Po+Pl  +  P,  (131) 

The  mechanical  power  output  is  Po  less  friction  and  windage 


Torque  -  3  {  -i^  Xx* /.x» i?. -    ^J_^^  K^I^^R.) 

X  10»  dyne-cm.     (182) 


The  kv-a.  at  the  terminals  is 


VPt*+  Qt*"  The  eflfective  value  of  3  (£.,  /.i  +  E.,  /.,)    (188) 
This  last  result  may  be  arrived  at  in  the  follovring  way 

5  (/.)  =  5»  /.,  +  5>  /., 


(184) 


Since  5*/  .i  is  conjugate  to  5*  /.i,  etc. 

The  product  of  J5„  and  A«  is  the  power  product  of  the  two 
vectors,  5  (-fio)  and  5  (/«)  and  omits  the  harmonic  variation  as  a 
double  frequency  quantity,  the  average  wattless  appears  as  an 
imaginary  non-harmonic  quantity. 

P«  +j  Qi  -2  (5»  £.1  Z.1  +  5»  &at  tat  +  S^  £.t  /.I 

+  5«&i/.0    (186) 

The  5*  and  5*  products  have  zero  values,  since  the  stun  of  the 
terms  of  each  sequence  is  zero,  hence — 

P«  +  i  ft  =  3  (£.1  Tax  +  £•!  lat)  (136) 

^PF+Q?  =  The  effective  value  of  3  (^.i  /.i  +  £«,  /«,)     (187) 

The  solution  for  the  general  case  of  symmetrical  motor  opera- 
ting on  an  unsymmetrical  circuit  is  not  of  as  much  interest  as 
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certain  special  cases  depending  thereon.  Some  of  the  most  im- 
portant of  these  will  be  taken  up  in  the  following  paragraphs. 

Case  I,  Single-phase  e.  tn.  /.  impressed  across  one  phase  of 
three-phase  motor. 

Assuming  the  single-phase  voltage  to  be  jS^c  impressed  across 
the  terminals  B  C,    The  known  data  or  constraints  are 


(138) 
(139) 


^ 

=  i  V3(^.i 

-£ 

..) 

and  therefore 

-  0.  /»  =  - 

■ 

/.I  =  - 

tat 

^1 
Zi 

Zt 

^.,-- 

Zx 
Zi 

£.. 

Substituting  in 

(188) 

^  V3 

Zi                          1 

■  zT 

+  z, 

£,t 

z, 

■  z; 

i  +  Z,                         j 

and  therefore 

/., 

1       •            ] 

z, 

+  z, 

/.. 

1 

z, 

+  z,                  J 

Since  /»  =  /n  +  /«  =  o«  /,i  +  a  /.» 


/»  =  -/.  =  - 

Wo  —  Wl 


Kt*Ru- 


Zi  +  Z, 

Wo—  Wi 


(140) 


(141) 


(142) 


R^y 


K»*Ru]h' 


Wi  '     ~        2  Wo  —  wi 

Pi+jOi-/»*(Zi  +  ZO+P, 

The  power  factor  is  obtained  irom  (146)  by  the  formula 

Pi 


cos  a 


VpTTo?' 


(148) 
(144) 
(146) 

(146) 
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Substituting  from  (142)  in  equation  (126)  and  (127)  of  the 
general  case  we  obtain  for  the  secondary  currents 


-i^x 


jK, 


Zi  +  Zt 

Eu 
Zi  +  Zt 


«/»■< 


^(3«»-»0( 


(147) 


Many  unsyimnetrical  cases  may  be  expressed  in  terms  of  the 
operation  of  coupled  symmetrical  motors  operating  on  symmetri- 
cal systems.  This  is  invariably  the  case  with  symmetrical  poly- 
phase motors  operating  on  single-phase  circuits.  Since  the 
physical  interpretations  are  useful  in  impressing  the  facts  \  on 
ones  memory  they  will  be  given  whenever  they  appear  to  be 
useful. 

Equations  (141)  and  (142)  show  that  single-phase  operation  is 
exactly  equivalent  to  operating  two  duplicate  motors  in  series 
with  a  S5rmmetrical  polyphase  e.  m.  f .  S^  Eab  impressed  across  one 
motor,  the  other  being  connected  in  series  with  the  first  but  with 
phase  sequence  reversed,  the  two  motors  being  directly  coupled. 

Case  II,  B  and  C  connected  together  e.  m,  /.  impressed  across 
AB. 

The  data  given  by  the  conditions  of  constraint  are 


(liS) 


£.•   =   -   £e. 

£h.  =  o«i  V3(£«i- 

-£..) 

We  therefore  have 

-Sal  =  £•«  =            o 

and 

^•'           3  Z, 

/.,  =  - 


3  Z, 


(1«) 


(160) 


The  remainder  follows  from  the  general  solution  and  need  not 
be  repeated  here. 

(160)  shows  that  a  motor  operated  in  this  manner  is  the  exact 
equivalent  in  all  respects  to  two  duplicate  mechanically  coupled 
polyphase  motors,  one  of  which  has  sequence  reversed,  operating 


in  parallel  on  a  balanced  three-phase  circuit  of  e.  m.  f .  5* 


V3" 
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The  secondary  currents  follow  from  substitution  of  (160) 
in  equations  (126)  and  (127)  of  the  general  case. 

Case  III.  B  and  C  connected  together  by  the  terminals  of  a 
balance  coil,  the  impressed  e.  m.  f.  £ad  applied  between  A  and  the 
middle  point  of  the  balance  coil.  Resistance  and  reactance  of 
balance  coil  negligible. 

The  data  furnished  by  the  connection  in  this  case  is 


(151) 


/»-/.  =  - 

2 

- 

and  therefore 

/..  -                    3 

a*  - 

I. 
2 

2 

We  therefore  have 

&.  -  V- 

^  -  ^■/- 

we  have 


£rf  =  J  V3  (a  £.1  -  o*  £«,) 
=  i  V3  ^  (a  Z,  -  a*  Zt) 

^  =  i  V3  -|^  (Zi  -  Zt) 


(152) 


j  V3  -f-  {(a  +  i)  Z,  -  (a*  +  i)  Z,} 


=  -  f  /.  (Zi  +  Z,) 
and  therefore. 


Z, +  Z, 


(163) 


(154) 
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V)i  2  Wo  —  wi 


cos  o  = 


Pi 


VPi«  +  Ci* 


(156) 
(157) 


Pig.  6— Charactbristics  of  Thrbb-Phasb  Induction  Motor — 
Balancbd  Thrbb-Phasb 


Evidently  (155),  (156)  and  (167)  are  identical  to  (IM),  (145) 
and  (146)  if  /«  is  equal  to  h  -^  —^*    This  will  be  the  case   if 

the  value  of  Eaj  =  — y  times  that  of  E^,    The  total  heating  of 
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the  motors  will  be  the  same  in  each  case  but  the  heating  in  one 
phase  for  Case  III  will  be  one-third  greater  than  for  Case  I. 


Pig. 


2000      3000      4000      5000    "      ^ 
MOTOR  TORQUE  ^ 

7 — Characteristics  of  Thrbb-Phasb  Induction  Motor — Single- 
'  Phase    Operation  — One    Lead    Open 


This  method  of  operation  is  therefore,  as  far  as  total  losses, 
etc.  are  concerned,  the  exact  counterpart  of  two  polyphase 


Pig. 


1 100 


80 


o 

u. 

i 


60 


40 


20 


■ 

^ 

^ 

"Speed 

/ 

/ 

f 

# 

/ 

■<; 

K. 

v.x 

,. 

i» 

1    ^. 

"Z^^ 

"Power 

Factor 

A 

400 

J 

U^ 

.inr 
ncy 

fUb 

^ 

"J 

i^-'' 

f\ 

200 

If 

/ 

^ 

1lt 

1 

•K  W  AitfT, 

^A 

_l 

lurwv^J 

1000 


5000      6000 


2000      3000      4000 

MOTOR  TORQUE  ^ 

8 — Characteristics   of    Three-Phase    Induction    Motor — 
Single-Phase  Operation  in  Manner  Indicated 


motors  connected  in  series  with  shafts  mechanically  connected, 
one  of  which  has  its  phase  sequence  reversed. 

Figs.  6,  7   and  8  show  characteristic  curves  of  a  three-phase 
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induction  motor   operating  respectively  on  a  symmetrical  cir- 
cuit, according  to  Case  I  and  according  to  Case  II. 

Synchronotts  Machinery 

The  Symmetrical  Three-Phase  Generator  Operating  on 
Unsymmetrically  Loaded  Circuit 

The  polyphase  salient  pole  generator  is  not  strictly  a  symmetri- 
cal machine,  the  exciting  winding  is  not  a  symmetrical  polyphase 
winding  and  it  therefore  sets  up  unsymmetrical  trains  of  har- 
monics in  exactly  the  same  way  as  they  are  set  up  in  an  induction 
motor  with  unsymmetrical  secondary  winding.  These  cases  will 
therefore  be  taken  up  later  on.  A  three-phase  generator  may 
however  be  wound  with  a  distributed  polyphase  winding  to  serve 
both  as  exciting  and  damper  winding  and  if  properly  connected 
will  be  perfectly  symmetrical.  Such  a  machine  will  differ  from 
an  induction  motor  only  in  respect  to  the  fact  that  it  operates 
in  synchronism  and  has  internally  generated  symmetrical  e.  m.  fs. 
which  we  will  denote  by  S^£au  •S*£«j  the  negative  phase  se- 
quence component  being  zero;  an  e.  m.  f.  5®  £«o  may  exist  but 
since  in  all  the  connections  that  will  be  considered  there  will  be 
no  neutral  connection  its  value  may  be  ignored.  If  the  load 
impedances  be  Za',  Zh'  and  Z*'  they  may  be  expressed  by 

Z«»  =-  S^  Za^^  +  S"  Z«i'  +  5«  Z.,' 

and  the  equations  of  the  generator  will  be 


0-(. 


^-  +  ^  tt)  ^-«' 


+  M-^^h,' 


(168) 
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The  last  two  equations  give 
d 


M 


lul'   -  - 


dt 


t-^hi' 


■Rn   +  Lu 


dt 


M 


dt 


ui  =•  — 


V*/, 


•1 


R»  +  L^ 


dt 


(159) 


which  on  substitution  in  the  first  two  equations  of  (168)  give 
the  equations 


R.  +  L, 


d 


/., 


It     TTT/S      :    \ 

Ru  +  Lu  l-jj-  -J Wo  I 


Z.i'/.,'  + 


R,  +  L, 


dt 


/.»'  +  Z.o'  /.t'  -0 


(160) 


or  if 


^al 


E.iei*" 


(161) 


the  impedances  Z,o,  Z.i,  Z,*  become  ordinary  impedance  for  an 
electrical  angular  velocity  ive  and  equations  (160)  become 

(J?.  +J1VL.  +  Z.,')  /.,'  +  Z.,' /.',  -  £.1 

Z.,'  /.,'+  {Z.,'+  (2?.+  a:,* i?,)  +j  2  «-,  (L.  -  Kt*  L.)-         (162) 

It  is  apparent  that  in  the  generator  the  impedances 

2?.  +  i  w,  L.  -  Z,' 
and  { (i?,  +  Ji:,»  i?,)  +  ;•  2  w,  (L,  -  X,*  L.)  -  J  K»l?.}  -  Z,? 
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take  the  place  of  Zi  and  Zt  in  the  symmetrical  induction  motor 
operating  on  an  uns3anmetrical  circuit,  and  we  may  express 
equation  (162) 

(Z.o'  +  ZiO  lai'  +  Z.,'  /.,'  =  Jg«x 

Za'/.i'+  (Z.o' +  Z,') /.«'=  0 

which  gives 

/.'  =  -         ^*''        // 


(168) 


Z.,  +  Zt' 


^al 


<^-'  +  ^■■*  -  ^1^ 


Or  in  more  symmetrical  form 


/.i' 


/.,'  =  - 


(Z.,'  +  Z,')  (Z.,'  +  Z,')  -  Z.,'  z., 


r^. 


z.,» 


(Z,,'  +  Z,')  (Z..'  +  Z,')  -  Z.i'  z., 

From  (169)  we  have  for  the  damper  currents 
U\'  '^  OitRu>  O 


7^. 


(164) 


-  Ki  /.,  C'a- 


where  A  i  =  j 


2tCoilf 


i?,  +  J  2  tt»o  i.» 


(166) 


A  particular  case  of  interest  is  when  the  had  is  a  Synchronous 
Motor  or  Induction  Motor  with  unsymmetrical  line  impedances  in 
series — Equation  (168)  becomes 

(Z.,'  +  Zi'  +  Zi)  /.,'  +  Z.,'  /.,'  =  £., 

Z.,  /.i'  +  (Z.,'  +  Z,'  +  Z,)  /.,'  -  0 
Z.,'  +  Z,'  +  Z, 


"  "  (.Z,,'+Z,'-{-Z,)  (Z,o'+Z,'+Z,)  -  Z..  Z.,  ^'^ 


Z.. 


(Z.,'+Zi'+Z,)  {Z„>'+Zt'Zt)  -  Z,iZ,t 


£.1 


(166) 


An  important  case  is  that  of  a  generator  feeding  into  a  symmetrical 
motor  and  an  unsymmetrical  load.    Let  the  motor  ciuxents  be 
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h,  h,  fc,  those  of  the  load  la',  h',  /«'  and  the  load  impedances 
Z,',  Zi,',  Ze'.     The  equations  of  this  system  will  be 


(167) 


(168) 


5»  £.,  =  51  {Zi'  (/.,  +  /.t')  +  Z.,'  /.i'  +  Z.,'  /.,'} 
51  £.,  =  5^  {Zi'  (lax  +  Lx')  +  Zi  /.,} 

S'O  =8^  {Z,'  (/.,  +  /.,')  +  Z,o'  /.t  +  Z.,'  /.,'} 

5«  0  =  5*  {Z,'  (/.,  +  /.,')  +  Z,  /a,} 

Or,  omitting  the  sequence  symbols  and  re-arranging- 
&,i  -  Z,'  /.I  +  (Zi'  +  Zoo')  /.i'  +  Z.,'  /.,' 
^,1  =  (Zi'  +  ZO/.i  +  Zi'/.i' 
0  =  Z,'  /.,  +  Z..'  /.,>  +  (Z,'  +  Z.o')  /.,' 

0   =  (Z,'  +  Z,)/„  +  Z,'/a,' 

These  equations  can  be  further  simplified  as  follows: 

0  =  (Z,'  +  Z,)/.,  +  Z,'/„' 

0  =  -  Z,  /.,  +  Z.i'  /.i'  +  Z.o'  /,,' 

0  =  -  Z,  /.I  +  Z.«'  /,o'  +  Z.,'  /.,' 
&ax  =  (Zi'  +  Z,)  /.,  +  Zi'  /.i' 
A  set  of  simultaneous  equations  which  may  be  easily  solved. 

The  Single-Phase  Generator  is  an  Important  Case  of  the 
Three-Phase  Generator  Operated  on  an  Unbalanced  Load 
Let  the  impedance  of  the  single-phase  load  be  Z  and  let  us 
suppose  it  to  be  made  up  of  three  star  connected  impedances 

Z.'  =  3  Z,  -I-  -I- 


(169) 


Z»'  = 
Z/  = 


2 
Z 
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the  value  of  Z,  in  the  limit  being  infinity.     Then  we  have 


to 


Z.o'  =  Z.  +  -|- 

Z.i'  -  z. 

.     (170) 

Z,t'  =  z,                             J 

ion  (164)  in  the  limit  when  Z,  becomes  infinite  reduces 

JF    .  _            .        -^1 

^•*         Z  +  Z,'  +  Zt' 

fi     _                   -^1 

(171) 

^  •*            Z  +  Z,'  +  Z,' 

The  single-phase  load  being  across  the  phase  B  C,  the  single- 
phase  current  /  will  therefore  be  equal  to  Ic  or 


(172) 


j  V3  £.,                                      ] 

Z  +  Zi'  +  Zt' 

&^ 

Z-\-Zx-  +  Zt'                                J 

/«. 

=  0  if  J?«  >  0 

/.. 

--^y^i.!^ 

Lt 

V3 

(173) 


/,» is  double  normal  frequency 

P,+jQ^''3PZ 

PL+jOL-3i»(Z,'+Z,')  ■     (174) 

In  the  case  of  the  generally  unbalanced  three-phase  load 

Pl+jQl'  3  {(/.!*  +  /a.*)  Z..' 

+  /.i/.tZ.,'  +  /.j/.,Z.,'} 
Pl  +  J  Ot  =  3  { 7.1*  Zj'  +  /.,«  Z,' )  (176) 

{P  +JQ)+(P«  +jQ,)  =  SMax  (/.,  +  /.,) 
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When  the  generator  has  harmonics  in  its  wave  form  equations 
(162)  must  be  written 


(Ra  +jwLa  +  Z.o')  /«l'  +  Zat'  Ia%'   =    £al 

+  j2w(La-  K^^Lu)  -\a^R.]  hi'  =  £»« 


(176) 


Where  £«i  is  finite,  £««  is  zero  and  vice  versa,  the  frequencies 
being  different  in  each  case,  we  have  therefore  a  solution  for  each 
frequency  depending  on  the  phase  and  amplitude  and  phase  se- 
quence of  the  e.  m.  f.  of  this  frequency  generated.  Of  course 
the  values  of  Zi'  and  Z^  change  with  each  frequency  on  account 
of  the  change  in  the  reactance  with  frequency,  and  a  value  must 
be  taken  for  w  conforming  with  the  frequency  of  the  harmonic 
under  consideration. 

Symmetrical  Synchronous  Motor,  Synchronous  Condenser,  Etc. 

As  in  the  case  of  the  generator,  the  synchronous  motor  has  two 
impedances,  one  to  the  positive  phase  sequence  current  of  a 
given  frequency  and  the  other  to  the  negative  phase  sequence 
current  of  the  same  frequency.  But,  since  there  is  no  quantity 
in  the  positive  phase  sequence  impedance  corresponding  to  the 
virtual  resistance  which  indicates  mechanical  work  in  an  induc- 
tion motor,  its  equivalent  is  furnished  by  the  excitation  of  the 
field.  Let  us  denote  the  e.  m.  f.  due  to  the  field  excitation  by 
5*  &a\  assimiing  it  to  be  for  the  present  a  simple  harmonic  three- 
phase  system.  Let  Pq  be  the  output  of  the  motor  which  will 
include  the  windage  and  iron  losses  asstimed  to  be  constant. 
Then  for  the  synchronous  motor  on  a  balanced  circuit  of  e.  m.  f. 
S^  Ra\  we  have 

5*£.i  =  5^  {/«!:(/?.'  +jwLa')  +  £„!'}  (177) 

5«£.i/ai  =  5»  {  /ai»  {Ra'  +  j  w  LJ)  +  ^  "  i  "y"  }  (178) 

Where  Qo  is  the  imaginary  part  of  the  product,  -fi«i'/oi.  (178) 
reduces  to 

£.1  /«!  cos-a  =  /ai*  Ru'  +  ^  (179) 

Where  cos  a  is  the  required  operating  power  factor.  Solving 
for/ai 
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/,..-&L-^{.±\/.-,^^}        (180) 

(cos  a  —  j  sin  a)  (181) 

The  apparent  impedance  of  the  motor  is 
2  J?]  sec  a 


ld:\/l-  ^^« 


(cos  a  +  i  sin  a)       (182) 


3  £.*  cos*  a 
and 

(cos  a  -  i  sin  a)  {R^'  +jw  L.')  J       (183) 

The  same  equations  apply  to  the  case  of  the  synchronous 
condenser  with  the  difference  that  the  mechanical  work  is  that 
required  to  overcome  the  iron  and  windage  losses  only. 

If  we  take 

£.1   =£.i(cosa+isina)€^«^  =  (i4i+il?i)€>«^        1 

(184) 
^i'  =  {Ai'  +  j  Bi')  ^"^  j 

we  have 

A,- -  -^  (l  ±  V  I  -  i~^)  tl"  (IM) 

(187) 

Since  a  may  be  a  positive  or  negative  angle,  the  sine  may  be 
positive  or  negative  for  a  positive  cosine,  and  therefore  the  power 
factor  will  be  leading  or  lagging  accordingly  as  jBi  is  negative  or 
positive  respectively.  The  double  signs  throughout  are  due  to 
the  fact  that  for  any  given  load  and  power  factor  there  are  always 
two  theoretically  possible  running  conditions.     However,  since 

Digitized  by  VjOOQ IC 


1082  FORTESCUE:  SYMMETRICAL  CO-ORDINATES  [June  28 

we  are  concerned  only  with  that  one  which  will  give  the  max. 
operating  efficiency,  that  is  the  condition  that  gives  /«i  the  lesser 
value,  for  a  given  value  of  Pq  the  equations  may  be  written 


A/  = 


«,.(B._iJi|^(._v/,_i^)} 


(188) 


And  corresponding  values  for  (180).  (181),  (182)  and  (183)  may 
be  obtained  by  omitting  the  positive  sign  in  these  equations. 

Another  condition  of  operation  is  obtained  by  inspection  of 
(180),  due  to  the  fact  that  hi  must  be  a  real  quantity 

4    Ra'    Po      ^^g^  ^  ^   J  ^jgj^ 


3  £.1*  cos*  a 
this  is  the  condition  of  stability.     In  terms  of  (184)  it  becomes 

4  2?.'Po 


3Ai^ 


must  be  >  1  (190) 


The  same  conditions  apply  to  the  synchronous  condenser,  the 
total  mechanical  load  in  this  case  being  the  iron  loss  and  windage 
and  friction  losses. 

Proceeding  now  to  operation  with  unbalanced  circuits  having 
sine  waves  the  motor  also  having  a  sine  wave.  In  addition  to 
equation  (177)  we  shall  have 

5«  £.2  =  5*  Z,'  /.2  (191) 

The  mechanical  power  delivered  through  the  operation  of  this 
negative  phase  sequence  e.  m.  f .  is  given  by  Pm  where 

Pm  =  -  3  /.2«  -^  (192) 

this  quantity  must  therefore  be  subtracted  from  the  value  of  Po 
in  all  the  equations  in  which  Po  appears  when  unbalanced  cir- 
cuits are  used  in  connection  with  equations  (177)  to  (190)  inclu- 
sive. These  equations,  however,  give  the  conditions  for  main- 
taining a  given  mechanical  load  and  a  given  power  factor  in  the 
positive  phase  sequence  component,  but  in  practise  what  is  re- 
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qtiired  is  the  combined  power  factor  of  the  whole  system,  or  the 
conditions  to  give  a  certain  combined  factor  while  delivering  a 
given  mechanical  load;  this  may  be  obtained  as  follows: 

The  negative  phase  sequence  component  is  a  perfectly  definite 
impedance  and  is  independent  of  the  load,  and  therefore  the  zero 
frequency  part  of  the  product  £oi  lat  may  be  set  down  as 

£../.,  =  -^  +J-^  (193) 

we  have  also  for  the  positive  phase  sequence  power  delivered 

(A,  +  j  Bi)  /.,  =  /.,«  R,'+^-  ^ 

+  j  {w  la,  W  +  B,')  I.i    (194) 
And  the  power  factor  is  given  by  cos  a,  where 

tan  a  = 1—  (196) 


From  (194)  we  have 


Po  Ph 


A,  lal    =    lal'  ^'   +   "V"   "   ^  ("'^ 

Bi^W  lal  La'   +  Bi'  (197) 

^l«  +  5l*  =  £al«  (198) 

The  simplest  method  of  solving  these  equations  is  by  means 
of  curves.     Taking  arbitrary  values  of  lau  Bi  and  A  i  are  chosen 

p 
consistent  with  (198)  so  as  to  satisfy  (196),  — ^  Ai'  and  Bi'  are 

then  obtained  from  (196)  and  (197).  If  there  are  harmonics  in 
the  impress^  e.  m.  f .  but  there  are  none  in  the  wave  form  of  the 
machine,  the  machine  will  have  a  definite  impedance  to  the 
positive  and  negative  phase  sequence  components  of  each  har- 
monic, so  that  there  will  be  a  definite  amount  of  mechanical 
work  contributed  by  each  harmonic  which  must  be  subtracted 
from  the  total  work  to  be  done  to  give  the  amount  of  work  con- 
tributed by  the  positive  phase  sequence  fundamental  component, 
the  equations  will  be  identical  to  (193),   (194),   (196),   (196), 
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(197)  and  (198),  if  we  take  P^  to  mean  the  total  mechanical 
work  done  by  the  harmonics  both  positive  and  negative  phase 
sequence  and  Pt  and  Q2  to  represent  the  products 

the  zero  frequency  part  only  being  taken  into  account. 

When  harmonics  are  present  both  in  the  impressed  wave  and 
in  the  generated  wave,  the  problem  becomes  too  complicated  to 
treat  generally,  but  specific  cases  can  be  worked  out  without 
much  difficulty. 

Phase  CoiiTerters  tnd  Bftlancers 

The  phase  converter  is  a  machine  to  transform  energy  from 
single-phase  or  pulsating  form  to  polyphase  or  non-pulsating 
form  or  vice  versa  to  transform  energy  from  polyphase  to  single- 
phase.  The  transformation  may  not  be  complete,  that  is  to  say, 
the  polyphase  system  may  not  be  perfectly  balanced  when  sup- 
plied from  a  single-phase  sotirce  through  the  meditun  of  a  phase 
converter.  Phase  converters  may  be  roughly  divided  into  two 
classes,  namely — shunt  type  and  series  type. 

Induction  Motor  or  Synchronous  Condenser  Operating 
AS  A  Phase  Converter  of  the  Shunt  Type  to  Supply  a 
Symmetrical   Induction    Motor   or   Synchronous 
Motor 
Let  Zi  and  Zi  be  the  positive  and  negative  phase  sequence 
impedances  of  the  motor,  Zi',  Zj'  those  of  the  phase  converter. 
Let  S^  £«i  and  5*  £«j  be  the  positive  and  negative  phase  sequence 
components  of  the  star  e.  m.  f .  impressed  on  the  motor  as  a  result 
of  the  operation.     The  single-phase  supply  will  be  one  side  of  the 
delta  e.  m.  f .     5  J^  which  has  positive  and  negative  phase  se- 
quence components  5*  Ebci  and  5*  Ebet  the  single-phase  supply 
being  &te  =  ^1  +  '£bcv 

The  value  of  Zt'  may  be  considered  fixed  for  all  practical  pur- 
poses and  since  in  the  induction  motor  phase  converter  the  speed 
is  practically  no-load  speed,  Z'  is  practically  the  no-load  imped- 
ance plus  a  real  part  obtained  by  increasing  the  real  part  of  the 
no-load  impedance  by  the  ratio  of  the  normal  no-load  losses  to 
these  same  losses  plus  i  the  secondary  losses  due  to  the  phase 
converter  currents.  The  latter  may  be  calculated  roughly  as 
even  a  large  error  in  its  value  will  have  an  inappreciable  effect 
on  the  actual  results.    We  have  therefore 
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V3Z,' 


5>/.,   --5«j    ^' 


V3Z,' 


V3Z, 


^'••-       ^^V3Z. 


1_     I      1 


^. 

1 
z.' 

+ 

1 
21 

1 
z. 

+ 

1 

Z.' 

- 

^  +  ' 


(199) 


(200) 


(201) 


In  the  common  lead  of  motor  and  converter  we  have 

/al'  +  U  +  Li  +  /.«  -  O  (202) 

or,  substituting  from  (200)  and  (201) 


(204) 


""CF^iRirnr)-     - 


which  give  the  complete  solution  for  all  the  quantities  required 
with  the  aid  of  equations  (200)  and  (201).  For  the  supply 
current  / 
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/   =    fbel  +   Ibet  +   Ibel'  +   Ibel 
.      5  /»e   =   5^  /6C1  +  5«  /*et  •   (207) 

S£bc  =  S^  &ui  +  S"  Em  J 

Pi+jQi  =  &ut  (208) 

In  order  to  obtain  a  perfect  balance  we  may  consider  the  addi- 

tion  of  an  e.  m.  f.  5*  j  — ^i  in  series  with  the  phase  converter 

whose  value  must  be  a  function  of  the  load  and  the  phase  con- 
verter impedances,  and  therefore  equation  (201)  will  be  replaced 
by 


""-■-^ii^*'^) 


(209) 


s^L^^s^j     ^"^ 


V3  Z2 
and  since  the  balance  is  perfect  -S^-j  is  zero,  and  therefore 

5«j^  =  S'Z^'h,'  (210) 

An  e.  m.  f.  equal  and  of  opposite  phase  to  the  negative  phase 
sequence  drop  through  the  phase  converter  is  required  to  pro- 
duce a  perfect  balance. 

Carrying  out  the  solution  in  the  same  manner  as  in  the  imper- 
fect converter,  we  obtain 


^,  =  4^ ^  Eu  -     ,     ^'      ,    £.i  (211) 


Z,      '     Z,' 

1 
z.' 

z,     '     Z*' 

and  since  £,hct  is  zero  and  &hc\  =  &be  the  single-phase  impressed 
e.  m.  f.,  we  obtain 

and  therefore  from  (210) 

5./„'.5.i(J-+^)^  (213) 
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(2U) 

(215) 
(216) 


Figs.  9,  10, 11  and  12  are  vector  diagrams  of  some  of  the  princi- 
pal compensated  shunt-type  phase  converters.  There  will  be  no 
diflBculty  in  following  out  these  diagrams  if  the  principles  of  this 
paper  have  been  grasped. 


Fig.  9 — Vector  Diagram  of  Shunt-Type  Phase  Converter  Operated 
FROM  Transformer  So  As  To  Deliver  Balanced  Currents 
Terminal  voltages  of  phase  converter  SE'a 
Terminal  voltages  of  motor  S^£ai 
Negative  phase  sequence  e.m.fs.  in  phase  converter  5*  {OAt) 

The  Phase  Balancer  is  a  device  to  maintain  symmetry  of 
e.  m.  fs.  at  a  given  point  in  a  polyphase  system.  It  may  consist 
of  an  induction  motor  or  synchronous  condenser  with  an  auxiliary 
machine  connected  in  series  to  supply  an  e.  m.  f.  always  pro- 
portional to  the  product  of  the  negative  phase  sequence  current 
passing  through  the  machine  and  the  negative  phase  sequence 
impedance  of  the  balancer.  It  therefore  has  the  effect  of  an- 
nulling the  impedance  of  the  machine  to  the  flow  of  negative 
phase  sequence  current.  Thus,  in  a  symmetrical  polyphase 
network,  where  we  have  an  unbalanced  system  of  ciurents  due  to 
certain  conditions 

5  /.  =  5^  /al  +  5^  /a,  (217) 
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If  a  balancer  be  placed  at  the  proper  point  the  component  5*  /«« 
will  circulate  between  the  loads  and  the  phase  balancer,  the  other 
component  5*  /.i  being  furnished  from  the  power  house.  On  the 
other  hand,  if  there  be  a  dissymmetry  in  the  impedance  of  the 
system  up  to  the  phase  balancer,  the  latter  will  draw  a  negative 
phase  sequence  current  sufficient  to  counteract  the  unbalance 
due  to  any  synmietrical  load  by  causing  the  proper  amotmt  of 
negative  phase  sequence  current  to  flow  to  produce  a  balance. 

The  balancer  may  be  made  inherently  self-balancing  by  insert- 
ing in  series  with  it  a  machine  which  is  self-exciting  and  is  able 


Fig.  10 — Vector  Diagram  Showing  Relations  Bbtwbbn  Motor 
Terminal  b.m.f's.»  Convbrtbr  Terminal  e.m.fs.,  and  Symmetrical 
Generated  e.m.p's.,  Same  Connection  as  for  Pig.  9. 

Negative  phase  sequence  drops  in  phase  converter  •S'Zj'/ai 
Conjugate  positive  phase  sequence  e.m.fs.  S^{ABC) 


to  furnish  an  e.  m.  f .  equal  to  the  negative  phase  sequence  imped- 
ance drop.  The  combination  thus  has  zero  impedance  to  nega- 
tive phase  sequence  currents.  If  in  the  neighborhood  of  a  phase 
balancer  the  loads  have  impedances 


5  Z.  =  5«  Z.0  +  5»  Zai  +  5«  Z.t 
The  equations  of  the  system  are 

S'&al  =  5^Zao/.l  +  S'ZaJat 
5*£.,  =  0  =  S'Z.ofai  +  S'ZalLl 


(218) 
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The  currents  in  the  phase  balancer  are 

-  5«  /a,  and  5»  ^ 

The  solution  of  (218)  gives  5*  /«»  and  5*  /ai,  the  former  of 
which  are  the  phase  balancer  currents.     The  solution  is 


ZoO*  —  Zui  Zat 


^1 


(219) 


Pig.  11 — Vbctor  Diagram  of  Shunt-Typb  Phase  Convbrter  Scott 
Connected  with  CompbnsationJbt  Transformer  Taps 
Terminal  voltages  of  converter  D'A  and  B'C^ 
Terminal  voltages  of  motor  S^£ai 

The  phase  balancer  is  a  voltage  balancer  and  will  maintain 
balanced  e.  m.  f .  for  any  condition  of  impedance,  and  if  the  im- 
pedance of  the  mains  is  unsymmetrical  it  will  draw  a  sufficient 
amount  of  wattless  negative  phase  sequence  current  through 
these  mains  to  produce  an  e.  m.  f .  balance  at  its  terminals. 
Hence  the  complete  solution  requires  consideration  of  all  the 
connections  in  the  network  between  the  supply  point  and  the 
balancer.  Two  equations  for  each  mesh  and  connection  are 
required,  one  of  the  positive  phase  sequence  e.  m.  fs.  and  the 
other  of  the  negative  phase  sequence  e.  m.  f .,  and  thtse  equations 
may  be  solved  in  the  usual  way. 

Series  Phase  Converter,  In  discussing  the  various  reactions  in 
rotating  machines  we  have  made  use  of  the  terms  "positive  phase 
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sequence  impedance"  and  "negative  phase  sequence  imped- 
ance." These  terms  are  definite  enough  when  dealing  with  rela- 
tions between  machines  whose  generated  e.  m.  fs.  all  have  the 
same  phase  sequence,  but  require  fiuther  definition  when  we 
are  dealing  with  relations  between  machines  whose  e.  m.  fs.  have 
different  phase  sequence.  We  shall  retain  the  symbols  Zi  and 
Zi  for  the  values  of  the  positive  and  negative  phase  sequence 
impedances,  depending  upon  the  sequence  symbo'  S  to  define 
whether  these  impedances  apply  to  a  negative  or  positive  phase 
sequence  current.     Thus,  the  phase  sequence  of  the  currents  and 


Fig.  12 — Vector  Diagram  of  Shunt-type  Phase  Converter  With 
Auxiliary  Rotating  Compensator  to  Effect  a  Perfect  Balance 

Terminal  voltages  of  phase  converter  S  Ea' 
Terminal  voltages  of  motor  S^Eai 
Terminal  voltages  of  compensator  5^£«2 

e.  m.  f.  will  be  defined  by  the  apparatus  supplying  and  receiving 
power  and  the  impedances  of  the  transmitting  apparatus  will  be 
defined  in  relation  to  these  currents.  As  an  example  a  motor 
series  connected  in  counter  phase  sequence  relation  in  a  circuit 
and  driven  in  a  positive  direction  will  have  impedances 


positive  phase  sequence  Zt 
negative  phase  sequence  Zi 


(220) 


Where  an  auxiliary  machine  is  defined  as  being  of  negative 
phase  sequence  relation  to  other  machines,  it  will  have  imped- 
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ances  as  given  above  to  the  positive  and  negative  phase  sequence 
currents  passing  through  the  other  machines. 

A  single-phase  transformer  winding  tapped  at  the  middle  point 
may  be  regarded  as  an  tmbalanced  three-phase  system  where 

£«  =s  0,  £5  =  +  Es,  £©  =  ""-£• 

2  £9  being  the  single-phase  e.  m.  f    The  system  may  be  repre- 
sented by  the  equation 


fi.^ 


Pig.  13 — Vector  Diagram  op  SbIkibs-Typb  Converter. 
No  Load  B.if.F's.  Across  Motor  Terminals  Si£ai 
No  Load  e.m.p's.  Across  Converter  Terminals  S^&at 
Single-Phase  e.m.p's.  2& « 

B.M.F.ACROSS  Terminal  op  Motor  Under  Load  S,^&h&€ 
E.M.P.  Across  Terminal  op  Converter  Under  Load  £,'^'h^'c 


where  £«! 


.     (22J) 


If,  therefore  between  the  single-phase  source  of  power  and 
the  load  we  interpose  a  polyphase  machine  with  e.  m.  f .  —  5* 
-fiaj,  we  shall  have  at  the  load  temiinals  the  e.  m.  f.  S^  £ai. 
If  we  use  an  induction-type  phase  converter  it  will  have  imped- 
ances to  motor  currents  as  follows 


To  positive  phase  sequence  Z^ 
To  negative  phase  sequence  Z/ 


(222) 
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we  therefore  have  the  relations 

5»  ^i  -  5»  1.x  (Zi  +  Z/)  (223) 

5*  £.,  =  5»  /.,  (Z,  +  Zi')  (224) 

If  the  converto*  is  doing  no  mechanical  work,  Zi  is  large  com- 
pared with  Zt  or  Zi,  and  therefore  the  component  of  negative 
phase  sequence  is  small  in  the  motor.  The  value  of  Zi  depends 
upon  the  slip  of  the  phase  converter  which  will  depend  on  the 
mechanical  load  it  carries  as  well  as  on  the  load  carried  by  the 
motors.  Approximately  the  load  currents  due  to  the  motors 
produce  the  equivalent  at  the  phase  converter  of  a  mechanical 
load  equal  to  one-half  the  rotor  loss  of  the  phase  converter  due 
to  these  load  currents.  Substituting  the  values  given  in  (221) 
for  5*  j£«i  and  S*  £,»,  we  obtain 


E, 


-S*j 


V3 
5* /.I 


=  5»  /.,  (Z,  +  Z,') 
=  5*  /.,  (Z,  +  Z.O 


(226) 


5»i 


V3  (Z,  +  Z,') 


5*  /.,  =  -  S*j  -^ 


&, 


(226) 


V3  (Z,  +  Z,') 


//  instead  of  an  induction-type  phase  converter  a  syichronous 
phase  converter  is  used  an  e.  m.  f.  oj  negative  phase  sequence  5*  Eat 
the  generated  e.  m.  f.  of  the  phase  converter  must  be  introduced 
in  equations  (224)  and  (226)  and  the  value  and  phase  of  these 
e.  m.  fs.  win  depend  upon  the  load  on  the  phase  converter  shaft  as 
well  as  the  load  carried  by  the  motors.    The  equations  will  be 


or 


5«  £.1  =  51  /.,  (Zi  -f-  Z,') 

5»  £a«  =  5»  /.,  (Z,  4-  Zi')  -f-  5»  £<,,' 

5'i  A,  =  5>  l.i  (Z, -f- Z,') 

5»  j  -%  =  5»  /.,  (Z,  -I-  ZiO  +  5*  £.,' 
V  3 


(227) 
(228) 

(229) 
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The  last  member  of  equations  (229)  is  the  equation  of  a  syn- 
chronous condenser.  Assuming  its  windage,  iron  loss  and  in- 
creased losses  due  to  secondary  reactions  to  be  Po,  we  have  by 
equation  (160)  of  the  Section  on  Synchronous  Motors 

^  ht  cos  a  =  /.,*  (R,  +  i?iO  +  -^  (2S0) 

Let 

fa2^a,+jbt  (2S1) 

then  (230)  becomes 

-^  at  -  (a,«  +  t,*)  (Rt  +  Rx')  +  ^  (282) 

Of  the  two  quantities  at  and  bt,  bt  alone  is  arbitrary  and  depends 
upon  the  excitation,  at  will  depend  upon  the  value  of  bt  and  also 
upon  the  losses.    Solving  therefore  for  at  in  terms  of  bt,  we  have 


at  = 


?i  +  Ri')   I 


2  V3(2?, 
/y/^       4  (Rt  +  Rx')  {3  bt*  {Rt  +  R,')  +  P,}  1       ^^SS) 

Since  bt  is  arbitrary  we  may  now  determine  cos  at  "= 
/  ac  and  the  value  of  I^tt  in  terms  of  the  impressed  e.  m.  f . 

will  be  by  (181)  of  Section  on  Sjmchronous  Motors 

The  effective  value  of  I,t  in  terms  of  the  effective  value  of  &,  will 
then  be 

T,~    ^       «»««         /  1  _  A/i       4  (Jg,  +  Jg.O  P.  1 
V3  2  (/?,  +  UiO  I  £.«  COS*  at       / 

(285) 
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and  since  the  component  of  the  e.m.f .  generated  in  phase  with  the 
current  is  determined  only  by  the  magnitude  of  /.t  and  the 
motor  losses,  if  we  define  its  value  by  A%  the  quadrature 
component  being  Bt  we  shall  have 

and 

B,>,-^sma,-   ^(^^+^«0  (237) 


=    I  sin  a,  + 


3  to  (Lt  +  Li')  cos«t         /,  _ 

v'j-rm+Mz.)  \       (233J 

£,*  cos*  at    /  J 


and  therefore  we  have 


•^   V3  L    2        V     '  £.»oo8*a»        / 

,./«««   J.  3  w  (X,  +  X/)  cos  «t  /  , 

The  impedcmce  of  the  phase  converter  to  the  flow  of  negative 
phase  sequence  current  is 

2  (Rt  +  Jg/)  sec  a 


,  _  a/i  «  4  (jg,  +  JgiO  Po  (240) 

*       ^  ^  £.«  cos*  a 

The  balance  will  be  at  its  best  when  /«>  is  a  minimum  with 
cos  as  as  the  independent  variable.  This  will  be  the  case  when 
cos  at  is  unity;  that  is  to  say  when  it  is  zero. 
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Recapitulating  the  results  given  above,  we  have  for  the  general 
case  taking  the  single-phase  e.  m.  f.  £«  as  reference 

51  /.I   =  S'j  -7= ^ ; —  (241) 

5»  /.,  =  -  ;  (at  +  i  60  (242) 

where  bt  is  arbitrary  and 


at  = 


^s (1- 

It  +  Ri')    I 


2V3(i?, 
yy/^        4  (jg,  +  R^')  {3  V  (Jg,  +  it,0  +  P.}     I    ^j^^ 

Since  61  is  arbitrary  cos  at  is  determined  by 

cos  a*  »     .    °*  (244) 

we  may  express  /.i  in  terms  of  JS.  by 

■^  ^"  ^^VS      2(Rt  +  R^')     r 

Vm^+Mfll^a.         (245) 
£,*  cos*  at        J 

The  eflEective  value  of  I^t  will  be 

It  At  and  B2'  are  components  of  £«»'  these  being  the  generated 
e.  m.  f .  in  phase  and  in  quadrature  with  the  current  /.i  we  shall 
have 

£a2'  =  -j(i4,'+.jB,0  (247) 

and  At  and  Bt  will  have  the  foUowiJQg  values 
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-■'-#{ 


sin  at  + 


3w(L,  +  Li')        .  cos  a,        ( 

^/^ZmTMp\\  (249) 

B,*cosa*     /)  ^      ' 

and  ^t'  expressed  in  terms  of  £«  becomes 

•'VS    L     2       \^-l-    ^  *  £.»oos«a,     ; 

The  eflfective  impedance  of  the  phase  converter  to  the  flow  of 
negative  phase  sequence  currents  is 

2  (jg,  +  JtiO  sec  «,  . 

£,*  cos*  a 


or 


In  the  above  equations  cos  a%  is  arbitrary  or  h\  may  be  con- 
sidered arbitrary  and  cos  a%  will  then  be  determined. 

Minimum  Unbalance  is  obtained  when  cos  a^  is  made  unity  or 
when  bt  is  made  zero  in  equations  (241)  and  (262). 

Perfect  Balance  is  obtained  by  driving  the  phase  converter 
mechanically  so  as  to  supply  the  mechanical  power  Po  from  a 
separate  or  symmetrical  source.  Under  this  condition  at  and  6| 
both  become  zero  when  cos  aj  is  unity.  The  only  equation  of 
the  system  is  then  (241). 
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Currents  and  Power  Factor  in  the  Single-Phase  Supply  Circuit 
of  Series  Phase  Converter. 
The  e.  m.  f.  is  2  £«  and  the  current  supplied  is 

r  -  AiJL 

^'  2 

hi   —    lel     ,     ht  —    let  /OKO\ 

-  2 "*■  2 ^^^^ 

S^hi  =5^i(ai-i6i)  (264) 

^S^'    -    ^  (at -J  60  (266) 

Similarly,  since  tuider  the  same  conditions 

5«/., --5«i(a, +J&,)  (266) 

■^^   -    ^(ar+jb.)  (267) 

and  therefore 

/.  =  ^  {(at  +  at)  -  J  (6i  -  *«)}  (258) 

where  au  6i,  ^s,  &s  are  to  be  obtained  by  means  of  equations 
(218)  to  (264).     The  single-phase  power  factor  is  given  by 

tan  e  =  A^  (269) 

ai  +  at 

of  these  quantities  at  is  usually  the  smallest  and  its  value  may  be 
obtained  approximately  by  assigning  to  bt  a  value  which  will 

make  the  ratio  — ^  equal  to  tan   d,  and    obtaining  the 

ai 

corresponding  value  of  at  by  (242),  the  value  of  bt  may  then  be 
recalculated  from  (269)  by  substituting  the  tentative  value  ob- 
tained for  as.  This  procedure  may  be  repeated  until  sufficient 
accuracy  has  been  obtained. 

Single-Phase  Power  Factor  in  Shunt-TyPe  Phase  Converter. 

The  simplest  procedure  is  to  obtain  a  curve  of  admittances 
for  varying  excitation  of  the  converter  and  plot  the  power  factor 
obtained  by  varying  the  admittance  with  a  fixed  load.    The  true 
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and  wattless  power  is  obtained  easily  by  means  of  (208)  whether 
the  system  is  balanced  or  unbalanced. 

Pigs.  14»  15,  16  and  17  are  veotor  diagrams  of  several 
methods  of  using  phase  converters  to  supply  a  balanced  3-phase 
e.  m.  f .  to  a  symmetrical  load  such  as  an  induction  motor.  The 
diagrams  are  all  based  on  a  main  machine  having  the  same  n^a- 
tive  phase  sequence  impedance  and  the  system  in  each  case  is 


Fig.  14 
Single  -Phase  Impressed  e.m.f.  »  B'C* 
Motor  e.m.f.  -  BC 

Negative  Phase  Sequence  e.m.fs.  &ai^2^ct 
Conjugate  Positive  Phase  Sequence  e.m.fs.  £«i^i£(| 
Phase  Converter  Terminal  e.m.f.  AB'C 

delivering  the  same  amount  of  power  at  the  same  voltage  and  3- 
phase  power  factor  without  supplying  any  wattless  power.  It 
will  be  noted  that  the  scheme  Pig.  14  has  the  lowest  single- 
phase  power  factor,  Pig.  16  the  highest  and  the  rest  arcing  alike. 
It  may  be  remarked,  however,  that  with  the  shunt-type  schemes 
adjustments  can  be  made  for  power  factor  correction  which  will 
result  also  in  better  regulation. 
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APPBNDIZ   I 

Cylindrical  Fields  in  Fourier  Harmonics 

When  we  have  a  diametrical  coil  around  a  cylinder  concentric 

with  another  cylinder  which  forms  the  return  magnetic  path,  and 

the  length  of  the  gap  is  uniform  and  the  coil  dimensions  axe  very 

small,  the  field  across  the  gap  takes  the  form  of  a  square  topped 


Pig.  15 

SINGLB-PHASB  ImPRBSSBD  B.ll.F.   -  B^C 

Motor  b.m.p.  ^  BC 

PhASB  CoNVBRTBK  B.1I.F.   «  B'C 

Nbgativb  Phasb  Sbqubncb  b.m.f  &a%^t^a 

CONIUGATB  POSITIVB  PHASB  SBCUBNCB  B.ll.F.  RaE^iEa 

Phasb  Convbrtbr  Tbrminal  b.m.f.  AB'C 


wave,  which  maybe  expressed  in  the  form  of  a  Fourier  series 
with  the  plane  of  symmetry  of  the  coil  as  reference  plane,  and  its 
Fourier  expansion  is 


(B»  ^-^  (cos»-icos3»  +  ^cos5»- 


+  .  .  )        (1) 


where  B  is  the  average  induction  in  the  air  gap. 
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A 


Fig.  16 — Phase  Converter  with  Auxiliary  Balancer. 


Fig.  17 
Single-Phase  Impressed  e.ii.f.  "  XY 
Motor  e.ii.p.  ^  ABC 

There  is  a  2  to  1  Transpormation  of  E.ii.F.   froii   Single-Phase 
TO  Tbree-Phase  in  This  Connection 
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With  pitch  less  than  ir  the  curve  will  have  a  different  fonn,  the 
amplitude  being  greater  on  one  side  of  the  plane  of  the  coils  than 
on  the  other,  the  areas  of  each  wave  will  remain  the  same  and 
second  harmonic  terms  will  appear.  Let  2  m o  ir  be  the  new  pitch 
then  the  average  amplitude  of  the  induction  will  be  the  same  as 
before,  namely  B,  and  the  value  on  one  side  of  the  coil  will  be 
2  (1  —  mo)B  and  on  the  other  side  2  mo  B  so  that  the  total  flux 
will  be  the  same  on  either  side.  To  obtain  the  values  of  the 
coefficients  we  have 

2(l-moBl   cosn0d0  +  2moB\    cosnOdO  »-^An 

0  M»V 

WW  3r 

2(1-  »n,)B    -i-sinntf   -2«,B    -i- sin n  «    -- 1- X 


6 

Mir 


.           45     /  (1-mo)  +  mo       .  \ 

An  =    \    ^^—^ ^  sm  n  nio  TT  > 

An  =  -^  (  —sin n m© Vi)  (2) 

Let  2  mo  IT  =  §  IT,  then  (1  —  m©)  T»f  t  and 

(B=  (cos^H- -s-cos2  ff-  — cos4  9  — -=•  cos5ff 

T  V  2  4  5 

+  y  cos7«  +  -^cos8«-^  coslOtf  .     .     .)  (3) 

A  general  expression  for  (B  where  B  is  the  average  of  the  posi- 
tive and  negative,  maximum  value  for  any  pitch  coil  would  be 

(B  =  S  ( sin  nmo  IT  cos  n  0J  (4) 

and  includes  all  possible  coil  pitches.  If  the  number  of  teeth  in 
a  pole  pitch  be  nr;  in  addition  to  the  average  induction  as  in- 
dicated by  (4),  there  will  also  be  a  tooth  ripple  of  flux,  the  maxi- 
mum value  of  which  will  depend  upon  the  average  value  of  the 
induction  at  each  point.  The  value  of  fifo  must  be  a  fraction 
having  ttr  as  denominator  and  an  integral  numerator.    The 
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value  of  the  integral  ntunerator  is  therefore  always  m©  %.    The 
correct  value  for  the  max.  induction  will  therefore  be 

(Bin=  I xl  —  sinnmoTT cos n  tf  j  Ml  — 

(-  l)^^r  Kr  cos  ftr  0)  (6) 

where  Kr  is  the  ratio  of  the  average  to  the  min.  air  gap.    "f»o" 
must  always  be  chosen  so  that  m  o  fh  is  an  integer. 

If  the  length  of  the  average  effective  air  gap  in  centimeters 
be  d  the  value  of  B  is  given  by 

4t      in 
^  "  To"  TT  ^^^^      ' 

where  /  is  the  maximum  value  of  the  current  in  the  coil  and  N 
is  the  number  of  turns.     If  d  is  given  in  inches  we  may  write 

4  IT      IN 
B  s=  -T|r-  X  2.54    maxwells  per  square  inch. 

If   we   integrate    (6)    between   the   limits    (tf  —  m©  t)    and 
(tf  +  Wo  it)  we  shall  have  the  total  flux  (p  through  the  coil 

\Brl     C^/    1    .  ^\  ,^ 

(p  ^  I  "^i  — sin n m© ircos  nffjaff 

•—mi  » 

•  +iiitr 

(—  \)^%^r   I  2  I sinnw©  cos»  0  \KrCOsnrO dO 

9— INCH 

ABre\l    .  .       X"" 

«  "7  sm  n  w©  ir  Sin  n  ff 

L  jB-mw 


/     1  \i«_  M     rr   «  1     •  I  sin  (n  —  nJ 

sin  (n  +  rirO)    | 
2(n  +  nr)     J 


The  second  expression  is  zero  for  all  values  of  0  which  are 
integral  multiples  of  the  tooth  pitch  angle,  so  long  as  m©  n  is 
also  an  integer  and  therefore  it  is  zero  for  all  mutual  inductive 
relations  of  similar  coils  on  a  symmetrical  toothed  core  we  there- 
fore have: 
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The  induction  through  a  coil  displaced  an  angle  0  from  the  axis 
of  a  similar  coil  carrying  a  current  giving  a  mean  induction  B  both 
coils  being  wound  on  the  same  symmetrical  toothed  core  is 

^.L?Jl2(_^sin«««,.cos„d)  (7) 

The  second  term  in  equation  (6)  also  becomes  zero  when  nr 
becomes  infinite  independent  of  the  value  of  0.  We  may  there- 
fore safely  make  use  of  an  imaginary  imiformly  distributed  wind- 
ing when  considering  self  and  mutual  impedances.  It  will  also 
be  shown  later  on,  that  with  certain  groupings  of  windings  the 
second  term  may  be  reduced  to  zero  for  every  value  of  0. 

If  Ni  be  the  total  number  of  complete  loops  in  one  complete 

pole  pitch,  we  may  take  -^-^  as  the  density  of  winding  per  unit 

angle  of  the  complete  pole  pitch.     The  mutual  induction  per 
turn  in  a  coil  angularly  displaced  an  angle  0  from  another  coil 

of  winding  density  -^-^  with  an  effective  total  air  gap  2  d  and 

with  windings  subtending  an  angle  2  mi  t  is  given  by 

Ml  =   \^^^\    1  2  (  -^sirfn Wo ir cos »(«-!-»')  J  dO'  henrys 

=  -T73 — T  2  — r-  sm*  n  f»o  T  [sm  n  {0+0)']  henrys 

\\r  T  a         n*  ^'— «,,, 

Ml  =  -TTjj — J  2  I  — J-  sin'  nmoT  sm  nmiTcosnOj  henrys  (9) 

Next,  if  the  loop  of  which  Mi  is  the  mutual  inductance  is  part  of  a 

winding  having  distribution  density  of  winding  75-^    and    sub- 

tending  an  angle  2  mi  ir  its  mutual  inductance  with  the  other 
winding  will  be 

Mit^     *li*^!  j*^  I  ^ — 7-  sin*  n  mo  T  sin  n  mi  t 


NiNtrl  C^    1 


cosn(0  +  6')  d  0'  henry    (10) 


SNiNtrl^     1      .  , 
— ns — tj— 2J  -7-  sin*  n  mo  ir  sin  »  mi  t 
IV  TT*  d        n^ 

[sin  n(0  +  d')\  "**'    henrys 
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,,  16  NiNtfl    ^  /    1       .  , 

"  «*  — 775 — Yl —  ^  \  — i"  ^^^  »  Wo  IT  sin  nniiir 

sin  n  ms  IT  cos  n  ^  I  henrys       (11) 

This  is  the  general  expression  for  the  mutual  inductance  be- 
tween two  groups  of  connected  coils  of  like  form  on  the  same 
cylindrical  core.  It  should  be  noted  how  much  the  harmonics 
have  been  reduced  due  to  grouping. 

When  the  coils  are  not  of  like  design  as  in  the  case  of  a  rotor 
and  stator  and  the  pitch  of  the  coils  is  different  in  one  from  the 
other,  sin  «  Wo  IT  will  not  appear  twice  in  the  equation  but  one 
of  its  values  must  be  replaced  by  sin  nntgir  where  2  fff.  ir  is  the 
pitch  of  the  new  coil.     Equation  (11)  then  becomes 

,,  16  Ni  Nate  ^  /    1 

Mia  =■  — Tfvj — Yd —  ^  \  — T  ^^^  nntoT  sm  n  m^T 

sin  nlnii  ir  sin"^  nii  ir  cos  n  0]  henrys    (12) 

This  formula  is  strictly  correct  when  ntx  is  an  integer  and  when 
0  is  an  integral  multiple  of  the  tooth  pitch.  It  is  true  for  all 
values  of  0  if  either  mo  or  m,  or  both  are  unity. 

By  considering  the  axes  of  two  similar  groups  of  coils  as  coin- 
cident we  obtain  the  value  of  Ai  Li  which  is  part  of  the  self  in- 
ductance of  the  group,  thus 

Ai  Li  =  Yf^ — j-i — S  ( — J- sm'wmoTTsm'nmiTrj  (IS) 

The  other  factor  that  enters  into  the  self  inductance  is  the  slot 
leakage  inductance  which  depends  upon  the  number  of  turns  in  a 
coil,  the  number  of  coils  in  a  group  and  the  width  and  depth  of 
the  slot  and  the  length  of  the  air  gap.  Since  with  the  value  of 
Ai  Li  all  the  field  which  links  the  secondary  winding  has  been 
included,  only  the  portion  of  the  slot  leakage  which  does  not  link 
all  the  turns  in  the  opposed  secondary  coil  should  be  considered. 
No  hard  and  fast  rule  can  be  made  for  determining  this  quantity 
since  it  depends  upon  the  shape  of  the  slots,  there  should  be  little 
trouble  in  making  the  calculation  when  the  data  are  given.  De- 
noting this  quantity  by  A2  Li  we  have 

Li  =  Ai  Li  +  A,  Li  (14) 
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Symmetrically  Grouped  Windings.  The  above  formulas  give 
the  mutual  impedance  between  groups  of  coils,  each  group  of 
which  may  be  imsyimnetrical.  Generally  machines  are  designed 
so  that,  although  the  individual  groups  of  coils  due  to  fractional 
pitch  may  be  uns)rmmetrical,  the  complete  winding  is  sjrmmetri- 
cal.  When  two  coils  are  together  in  a  slot  this  may  be  done  by 
connecting  one  group  of  coils  opposite  the  north  pole  in  series 
with  the  corresponding  group  opposite  the  south  pole;  that  is  to 
say,  the  group  displaced  electrically  by  the  angle  ir.  If  therefore 
we  take  equation  (11)  and  consider  the  mutual  induction  as  due 
to  a  group  having  axis  at  0  —  zero  and  another  having  its  axis 
at  0  ^  T  with  a  similarly  arranged  group  of  coils  having  its 
axis  at  0,  we  find  that  (11)  becomes 

,,  IQNiNtrl    ^  /     1     .  , 

Mit  =  — ITS — i-j —  S  \  — T-sm*  nmoT  sm  nmiT 
ilr  ir*  tt  \    n 

sin  n  mj  IT  (1  —  cos  n  t)*  cos  n  0  }  henrys       (16) 


Afu  *  — inft  ^«  J —  2  <  — J-  sm  n  miT  sm  n  m,  ir 


Similarly 

J 

sin  n  mi  TT  sin  n  Wa  ir  (1  —  cos  n  t)*  cos  n  6  >  henrys    (16) 

Since  1— cos  nir  is  zero  for  all  even  values  of  n  it  is  evident  that 
(16)  and  (16)  contain  no  even  harmonics,  moreover  the  above 
formulas  give  the  mutual  induction  between  two  similarly 
connected  groups  of  windings,  but  if  (1— cos  n  ir)  is  used  only  with 
the  first  power  these  formulas  give  the  mutual  impedance  be- 
tween one  pair  of  such  symmetrically  grouped  windings  and 
another  single  group  with  axis  inclined  at  an  angle  0. 

The  value  of  self  induction  is 

Ai  Li  =  — r«5 — j-T—  2  s  — J-  sm*  nmoT  sm*  n  f»i  tt 

(1  -  cos  n  ir)«  J  (17) 

As  Li  is  found  in  the  same  manner  as  before 

Li  =  Ai  Li  +  A,  Li  (18) 

It  is  obvious  from  (16)  and  (16)  that  the  effect  of  dissymmetry 
is  to  introduce  more  or  lesS  double  frequency  into  the  wave  form 
of  generated  e.  m.  f. 
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It  will  be  seen  from  an  examination  of  (16)  and  (17)  that,  for 

example,  a  winding  of  pitch  —5-  and  subtending  an  angle  — ^ 

when  connected  in  a  s)anmetrical  group  of  two  has  the  same  field 
form  and  characteristics  as  a  full  pitch  winding  of  the  same 

number  of  ttuns  subtending  an  angle— ^. 

There  are  many  symmetrical  forms  of  winding  but  all  will  be 
found  to  be  covered  by  the  formulas  (16)  and  (16). 

Unsymmetrical  Windings.  These  may  take  many  forms  which 
may  be  classified: 

(1)  Dissymmetry  of  flux  form  due  to  even  harmonics. 

(2)  Dissjrmmetry  in  axial  position  of  polyphase  groups. 

(3)  Diss)anmetry  in  windings  due  to  incorrect  grouping  of 
coils. 

(4)  Dissymmetry  due  to  unsymmetrical  magnetic  character- 
istics of  the  iron. 

Of  these  various  forms  of  dissymmetry  the  most  common  is  a 
combination  of  (1),  (2)  and  (3).  These  forms  of  imsymmetrical 
windings  may  all  be  calculated  by  the  formulas  (11)  to  (16). 

It  is  to  be  noted  that  the  mutual  inductance  between  a  sym- 
metrical and  an  unsymmetrical  winding  is  harmonically  sym- 
metrical. Hence,  if  the  field  of  a  machine  is  harmonically 
symmetrical,  the  e.  m.  f.  generated  will  be  also  harmonically 
symmetrical  whatever  may  be  the  form  of  the  windings. 

The  reciprocal  nature  of  M  is  fully  established  by  its  form,  for 
it  is  immaterial  in  obtaining  (16)  whether  we  start  out  with  the 
winding  whose  pitch  is  w,  or  with  that  whose  pitch  is  mo,  the 
result  will  be  the  same.  The  effect  of  saturation  will  be  to  tend 
to  alter  the  values  of  the  coefficients  of  M  but  the  general  form 
will  not  vary  appreciably.  We  shall  now  consider  some  standard 
windings  of  generators  and  motors. 

Three-Phase  Symmetrical  Full  Pitch.  Here  fWo,  Wi  and  wj  are 
0.5,  0.1666  and  0.1666  respectively.  Using  formula  (16)  all 
the  even  harmonics  disappear  and  (1  —  cos  n  ir)*  is  equal  to  4  or 
zero. 

^»°  /'l^^^'j'    (cosg+icos3g+ei^cos5g 

+  2^lCos7(?  +  gAjcos96+...)  (19) 
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.Theoretical    Symmetrical    Three-Phase    Winding.     Here    m^ 
«  0.5,  wi  =  mi  =  0.333.     Using  formula  (11) 

3    IQNiNtrl 


Jfi2«-^ 


4      10*  ir«  rf 


f  cos  6  +  -jr^  COS  5  0 


+  2^lCos7fl+   3A_cosllfl+     .     .     .)       (20) 

Here  the  third  group  of  harmonics  is  entirely  eliminated. 

2ir 
Three-Phase  Symmetrical  — r—   Pitch   Winding,     Here  m©    = 

0.333,  nti  ^  mt  ^  0.166.    Using  fonnula  (16) 

^  =   4       lO'T^a        (cos  «  +  625  ~^  ^  * 

+  2^lCOs7d+  35ijj-cosll<»+   .   .   .   .)         (21) 

which  gives  the  same  result  as  (20). 

Formulas  for  Salient  Pole  Machines 
The  formulas  given  in  the  preceding  discussion  are  appropriate 
for  distributed  winding  and  non-salient  poles.  Where  salient 
poles  are  used  the  field  form  due  to  the  poles  with  a  given  wind- 
ing will  be  arbitrary  so  that  with  the  polar  axis  as  reference  we 
shall  have 

(B  =      ^  ^  j^'  ^'  2  {An  cos  n  0)  (22) 

Where  (B  is  the  induction  through  the  armature  or  stator.  When 
the  poles  are  synametrical  AnCosn  0  might  be  chosen  at  once  for 
this  condition  and  in  this  case  we  do  not  require  coefficients  of 
mutual  induction  between  pole  windings,  since  the  value  of  (B 
is  obtained  by  considering  the  mutual  reaction  between  pole 
windings  to  be  such  as  will  produce  symmetry.  We  may  how- 
ever assume  (B  to  be  perfectly  general  in  form  in  which  case  the 
flux  through  a  coil  of  pitch  2  mo  t  is 

^  =    ^^fod'""^  ^  ("T"  sin  n  mo  T  cos  n  0^  (28) 

We  have  therefore  for  the  mutual  induction  between  one  pole 
and  a  group  of  coils  at  an  angle  0  and  subtending  an  angle 
2  Wiir 
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/An     . 


nto  TT  sin  nntiTT  cos 


nO)     (24) 


and  where  there  is  symmetry  due  to  grouping  of  windings,  we 
have 


^•* wi —  ^ 


t  m©  IT  sm  »  mi  IT 


I  -^  sm  n  1 

(1  -  cos  »  it)*  cos  »  tf  j  (26) 

where  Na  is  the  ntmiber  of  turns  for  one  pole  and  (26)  applies  to 
one  pair  of  poles  and  the  corresponding  group  of  coils.  When  there 
are  more  than  one  pair  of  poles  in  series  and  the  corresponding 
groups  of  winding  are  also  in  series,  if  it  is  desired  to  consider 
the  mutual  inductance  of  the  complete  winding,  the  result  given 
above  must  be  multiplied  by  the  number  of  pairs  of  poles. 
If  in  equation  (16)  we  take 


-^^-smnma7r=iVa 


and 

it  becomes 

32 Ni  NaT  I 


irn 


=  Bn 


(26) 


Mu 


l(fld 


2  {  — ~  sin  nm^ir  sin  n  m©  t 
sin  »  Wi  T  (1  —  cos  n  t)*  cos  n  tf   > 


(27) 


which  is  the  expression  corresponding  to  (26)  starting  with  the 
winding  flux  form.  (26)  and  (27)  must  therefore  be  identical 
and  we  have 


S2NiNare 


or 


and 


(B, 


Bn  sin  n  w,  TT  — 
Au 


4NaNire 
Wd 


sinnfn»T 


2  IT  I 

ffii  =  "Tq^  ^  (^»  sin  nntoTT  cos  n  0) 


(28) 
(29) 
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and  is  the  induction  wave  form  for  a  single  turn  of  the  winding. 

The  expression  for  the  mutual  inductance  between  windings 

of  the  same  core  for  salient  poles  is  obtained  in  terms  of  tiie  pole 

flux  wave  form  by  substituting  in  the  formulas  -5—: — ^ 

o  sm  n  tn^  ir 

for .     We  have  therefore  the  following  formulas  for  salient 

n  IT 

poles. 

General  expression  considering  only  one  pole  and  one  group  of 
coils. 

(B.  -     ^  \q^  ^°  2  {An  cosnO)  (a) 

^  T  Ii    ^  /  .      Sinn  mo  T  A  ,- . 

. -.  2NiNir  I  ^  /   An      sin  »  mo  IT    . 

Mil  =  — 773 — T-  2  I  — 5 : sm  nmoTT  sm  n  Wi  ir 

sin  »  tn2  ^  cos  n  0j  (d) 

.    _             2N^rl     ^/An     sin^  nntpTT  sin*  n  mi  t  \  .-. 

^^^^ WTT  ^\1i sinnm.ir )  ^'^ 

General  expressions  considering  only  poles  to  he  symmetrical. 
Considered  on  the  basis  of  two  poles,  Na  being  turns  on  one  pole. 

(B.-^^y^'2Mn(l-cosn7r)cosn(?}  (aO 

^^^J^j^iAn    "!"^^^^  (l-cosnir)cosng\  (b') 

^        20  d        I  smwm,  IT  ^  ^  J  ^    '^ 

Mai  = TT^ —  2  <  — f-  sm  «  mo  IT  sin  n  mi  ir 

(1  —  cos  »  it)  cos  »  tf  I  (c') 
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•  •         2NiNirl  _  /  i4«     sin nm» IT    . 

sin  nms  IT  COS  ft  9  I  henrjrs  (d') 

AiL.  «=      ^^y "^ ^    2  |-^sin»m.T(l-cos»ir)  I  (e') 

,    J.          2Ni*rl  ^  f  An      sin*  n  Wo  IT  sin* » f»i  IT  \  ,^.. 

Alii    =  -773 — T-2  s  ; >  (V) 

General  expression  with  both  polar  and  winding  symmetry. 
(5^^  ^^^^f^-L  [Anil-  oosnr)oo&ne)  (a") 

Af.i  «  — Tj^fT —  2  s  — 5-  sin  n  mo  IT  sin  »  mi  T  (1  —  cos  n  ir)* 

cos  n  »  }  (c'O 

,^  -      2iViiVi  f  / -,  f  i4«     sinnmoir  . 

M\ji-  — 773 — T—  2  {  — = — : sin  «  mo  IT  sm  »  mi  ir 

**         10*  Td         In*    sm«m,ir  ^ 

sin  iffms  Tc   (1  —  cos  n  ir)*  cos  n  tf  |  (d") 

AiL.  -l^^^s  l^sinnm.ir(l-cosnT)*}        (ef) 

,    •           2  iVi*  f  /  _   f  i4»     sin* » mo  IT  sin*  n  mi  IT 
^^^»   "^     lO^ird     ^  \-;i sinnm.ir 

(1- cosnr)*}  (f'O 


In  using  any  of  the  formulas  given  above  for  machines  having 
more  than  two  poles»  it  must  be  divided  by  the  number  of  pairs 
of  poles  and  likewise  the  expression  for  M  or  AiL  must  be  multi- 
plied by  the  number  of  pairs  of  poles,  which  leaves  the  formula 
for  these  quantities  unchanged. 
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Let  us  next  consider  the  actual  induction  in  the  air  gap  with 
a  distributed  winding  operating  with  three-phase  currents.  Let 
imi  be  the  magnetizing  current  of  the  first  phase  Ut  and  imz 
those  of  the  other  phases.  The  induction  due  to  one  group  of 
coils  of  phase  1  is 

(Bi  =     -iii^   d   ^  i  — r  sin niffo T sin n m  1 T  cos n  tf  I  (80) 

and  if  the  phase  displacement  of  2  and  3  from  1  be  tpit  and  <pit 
(Bt  =    ^^  *   J   S  <  — r-  sin » fffo T sin n fifs t cos  (ntf  —  ^u)  > 

(81) 
(Bt  =    in  *  /f*  ^  I — j- sinn»«oH"sin«w»TCOs(»  ^— <pu)  I 

(82) 

For  S3anmetrically  grouped  coils  the  formulas  become 

(Bi  =    ,^  '     '  2  <  — r-  sin  n  mo  T  sin  If  mi  T  (1  —  cos  »  it) 
lU  IT  a         {    fr 

cos  n  9 1  (33) 

(Ba  =    ^^  *     *  X  \  — 5r  sin « m© T  sin n mi  ir(l  —  cos « ir) 
lU  T  a         \    n* 

cosm(»-0«)}  (34) 

(Bi  ==    ,^  ***|*  2  {  — r  sin  «  m©  IT  sin  n  m»  IT  (1  —  cos  »  t)  cos  m 
10  T  a         \    n* 

ie-ipu)}  (86) 

For  a  symmetrical  three-phase  motor  with  full  pitch  coils 
mo  =  0.5,  mi  =  mi  =  mi  =  0.166  (33),  (39)  and  (36)  become 
of  the  four 

«»-^^    {co8(»-lco83fl  +  ^cos6(?  +  ^cas7e 

-^cos9e  +  ^coslI(>+jig-cosl3«+}  (86) 
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which  is  the  field  due  to  one  group  of  coils  alone.  The  wave  is 
flattened  by  the  third  group  of  harmonics  but  all  the  other 
harmonics  are  peaking  values.  There  is  therefore  a  decided 
gain  in  such  a  wave  form  of  flux  since  it  permits  of  high  funda- 
mental flux  density. 
The  maximum  value  of  flux  is  approximately 


Bm«,  =  0.823 


lOird 


gaus 


(87) 


where  d  is  given  in  centimeters. 
*  1.67  iV.i. 


Bumm   — 


ird 


maxwells    per  square  inch, 


with  d  given  in  inches. 

For  the  total  winding  the  resultant  induction  will  be  the  sum 
of  Bu  Bt,  and  B.  If  we  take  the  symmetrical  winding  with 
angles  between  planes  of  symmetry 


(pii 


2ir 


and  ipiz 


4_w 
3 


,  we  have 


cos 


cos 


COS  n  e  =  -^  +  -g- 


(38) 


If  we   multiply   these   three  quantities  successively  by  /mi, 
a^Imh  o/mi  and  add,  we  have 


/..{t^a 


+  a-(«-2)   ^^(n 


+!))( 


-jn0 


X  (1  +  a«+2  +  a-(«-i))  )  }        (39) 

and  giving  n  successive  odd  values  from  1  up,  we  find  for  (39) 
the  following  values 


»  =    1  (39)  becomes  -^  /«i  €-^'* 
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n  =     6    «  "       I  /«,  e>" 

«=     7    «  «       -|^-««-^" 

n  =     7    "  "0 

n  =  11    «  "       |/«i«^"» 

^  ;    2       .    2<«  y      . 

«  =  n      "  "      2  /„i  sin*  — ^  « 

We  may  therefore  express  (B  by 
(B  =  real  part  of 


16^i/,i 
10  Td 


1      •  /I  \ 

— p  sin  n  mo  T  sin  n  wi  ir  (1  —  cos  «  ir) 


,2        .     2m 

Xsin*  -^€  f  (40) 


...J 


It  will  be  obvious  that  if  we  proceed  around  the  cylinder  in  the 
negative  direction  of  rotation  at  an  angular  speed  w  and  /mi 
is  equal  to  Imi  e^',  f or  n  =  1  the  value  of  Bi  will  remain 
constant  and  real,  hence  J?i  must  be  a  constant  field  rotating  at 
angular  velocity  w  in  the  negative  direction.  The  value  of  B  may 
be  expressed  in  harmonic  form,  but  in  this  form  it  does  not  illus- 
trate the  rotating  field  theory  so  aptly.  The  harmonic  form  is 
given  below  and  is  simpler  in  appearance  than  (40)  • 

^        16  JVi  imi  ^  /    1      .  /I  N 

(B  =     ^rx      J    2  I — =-  sm  n  Wo  IT  sm  n  Wi  IT  (1  —  cos  n  it) 
10  IT.  a        \  «* 

n  e)  (41) 


.  ,  2nir 

sm'  r COS 


For  a  symmetrical  three-phase  motor  with  full  pitch  coil 
(wo  =  0.5  Wi  =  0.166)  (B  becomes 

+  ^  cos  11  e  +  ^  cos  13  e  +     .     .       }  (42) 
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This  gives  for  the  maximum  induction  approximately 

_      _    1.075  X  12  jy.w      _    1.29  NtU,    ,.,. 

where  d  is  meastired  in  centimeters. 

(B«o«=  — ^^ -r — ^     maxweH  per  square  inch  (44) 

TT  a 

where  d  is  measured  in  inches  and  N  is  the  total  number  of 
turns  per  pair  of  poles. 

APPENDIX  II 
Graphical  Construction  for  Obtaining  Symmetrical  Components 

The  graphica  method  for  finding  the  symmetrical  components 
of  S  (Ma)  given  in  the  text'serves  as  a  geometrical  interpretation 


Fig.  18 — Graphical  Method  for  Obtaining  the  Symmetrical  Com- 
ponents OF  the  Three-Phase  Vectors  £«  ,-Sk,  &c 

of  equation  (6),  but  the  graphical  method  shown  iu  Fig.  18  is 
much  simpler  and  more  convenient,  the  construction  is  as 
follows.  Find  E  and  F  the  centroids  of  the  two  equilateral 
triangles  with  B  C  as  base:  With  0  the  centroid  of  triangle 
A  B  CsiS  centre  describe  the  two  circles  passing  through  E and  F 
then;  £0 extended  till  it  touches  the  circle  through  E  at  the 
opposite  end  of  the  diameter  gives  J^ai ;  ^n  and  £ei  are  obtained 
by  laying  of  points  on  the  circle  60  degrees  from  £.  Similarly 
if  F  0  is  extended  to  meet  the  circle  through  F  at  the  opposite 
end  of  the  diameter  we  obtain  Sat]  and  £52  and  £es  are  obtained 
by  the  same  construction  as  before. 
The  proof  of  this  construction  is  as  follows:    If  G  and  H  are 
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the  apexes  (not  shown  in  figure)  of  the  equilateral  triangles 
having  B  C  as  base 

OB  +  OC  +  OG      -OA+OG      -Jg.  +  OG 


OE 


OF 


3  3  3 

OB  +  OC  +  OH      -OA+OH      -£,  +  0H 


-a'.OC^-aHOD  +  DC) 
-a.OB~-a{pD  +  DB)'^-a(QD-DC) 
-  a* .  0  C -  a  .  O B  ^  -  (a  +  a*)  0 D  +  {a-  a*)  .  D  C 

•^OD+jVzDC 

'-OG 


That  is 
Similarly 
and  therefor 

and 


OG"-  (a£»  +  c»£.) 
OH  "-  (o»£»  +  a£.) 

0£  =  -  A±£AiL«Li!.._* 


3 


OF"-   ^«  +  o*-^*  +  g^«    -  -  £. 
o 


The  construction  when  -fi«  +  -fi*  +  £c  is  not  zero  is  so  obvious 
that  it  is  not  necessary  to  show  it  here. 

If  lines  be  drawn  from  £«  to  £ut,  Eh  to  £mi  £«  to  &ct  these 
lines  will  be  parallel  to  &u  &h  and  £/  respectively  and  will  meet 
at  a  point  0\  The  vectors  O'E^O'E^  and  0'£.  give  the 
values  of  the  e.  m.  f .  across  each  member  of  a  star  delta  bank  of 
transformers  when  operated  on  the  three-phase  circuit  S  (£«) 
with  ratios  changed  so  as  to  give  a  balanced  secondary  triangle 
of  e.  m.  Vs. 
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Discussion  on  "Method  of  Symmetrical  Co-Ordinatbs 
Applied  to  the  Solution  of  Polyphase  Networks" 
(Fortescue),  Atlantic  City,  N.  J.,  June  28,  1918. 

J.  Slepian  (by  letter) :  During  the  past  eighteen  months 
it  has  been  my  very  good  fortune  to  have  been  in  close  contact 
with  Mr.  Fortescue  and  to  have  had  many  interesting  discussions 
on  the  ideas  embodied  in  this  paper.  Since  I  have  had  so  long 
to  think  ovei  and  digest  these  ideas,  I  think  I  may  be  pardoned 
for  going  at  great  length  here  into  the  viewpoint  I  have  reached. 
I  feel  all  the  greater  need  for  a  long  discussion,  because  on  reading 
the  paper  I  see  that  the  great  wefiJth  of  material  to  be  presented 
in  a  Imiited  space  has  crowded  out  much  detailed  explanation 
and  appeal  to  analogy,  which  in  discussions  with  Mr.  Fortescue 
have  contributed  so  much  to  my  clearer  conception  of  the  ideas 
presented  here. 

The  method  given  here  had  its  origin  in  considering  the  oper- 
ation of  balanced  induction  machines  under  unbalanced  condi- 
tions. Using  the  '^coordinates"  proposed  here,  the  theory  of 
these  machines  may  be  given  with  beautiful  simplicity.  I  think 
I  am  right  in  saying  that  the  utility  of  the  method  is  practically 
entirely  limited  to  the  case  of  rotating  induction  machines. 
Purely  static  apparatus  tieated  in  this  way  does  not  show  any 
simplification.  When  one  considers,  however,  that  almost 
every  practical  alternating-current  circuit  contains  at  least 
one  rotating  machine,  namely  the  generator,  the  broad  field 
of  application  of  the  method  becomes  apparent. 

The  root  of  the  ideas  given  here  is  old  and  was  given  early 
in  treatments  of  single-phase  motors.  The  simple  constant 
rotating  nature  of  the  flux  in  a  balanced  polyphase  motor  was 
well  known.  It  was  discovered  that  the  more  complicated  flux 
in  a  single-phase  motor  could  be  resolved  into  the  sum  of  two 
such  constant  rotating  fluxes  of  opposite  rotations,  with  the 
magnitude  of  these  fluxes  not  necessarily  equal.  It  was  ob- 
served also,  that  if  the  balanced  polyphase  states,  which  would 
give  independently  each  of  these  rotating  fields,  were  super- 
imposed, the  resultant  state  would  give  correctly  the  currents, 
voltages,  torques,  etc.,  of  the  single- phase  motor.  For  a  recent 
discussion  of  this,  see  Mr.  Lamme's  paper,  page  627,  Volume 
I,  Transactions  1918. 

Mr.  Fortescue  has  generalized  this  method  of  resolution  of 
the  flux  in  a  polyphase  machine  under  unbalanced  conditions 
into  the  sum  of  fluxes,  each  corresponding  to  a  balanced  c!ondi- 
tion,  to  a  similar  resolution  of  an  unbalanced  system  of  any 
polyphase  quantit'es  whatever. 

In  my  discussion  here  I  shall,  for  simplicity,  confine  myself 
to  the  three-phase  case.  To  illustrate  the  resolution  of  a  set 
of  unbalanced  three-phase  currents  into  symmetrical  or  balanced 
components,  consider  three  arbitrary  currents  la  h  Ic  flowing 
into  the  terminals  of  a  three-phase,  star-connected  apparatus. 
(Fig.  1).  Mr.  Fortescue  shows  that  this  set  of  currents  may  be 
had  by  adding  together  the  following  three  sets  of  currents. 


Digitized  by  VjOOQ IC 


1018] 


DISCUSSION  AT  ATLANTIC  CITY 


1117 


Method  of  Symmeirical  Coordinates.  First  a  current  /«o  in  each 
phase.  These  three  currents  then  are  all  equal  and  all  in 
phase.  They  combine  to  give  a  current  in  the  neutral.  Second : 
a  current  laoin  phase  a,  a  current  a*/«i,  in  phase  6,  and  a  cur- 
rent a/«i  in  phase  c,  where 

J  aW 


Pig.  1 


is  a  cube  root  of  unity.  This  set  of  currents  is  clearly  a  balanced 
polyphase  set  of  what  is  called  positive  sequence.  (Fig.  2).  Third 
a  current  /«i  in  phase  a,  a  current  a  lat  in  phase  B  and  a  cur- 
rent a*  /aj  in  phase  c.  (Fig.  3.).  This  set  of  currents  is  clearly 
a  balanced  polyphase  set  of  what  is  called  negative  phase  se- 
quence. If  these  three  sets  of  currents  be  made  to  flow  simul- 
taneously in  the  three-phase  apparatus  the  resultant  current  in 


each  phase  will  be  respectively  /«,  h,  le-     The  values  of  /oo,  hi, 
lat  ar«  obtained  from  equations  (6).    They  are: 

/oo  =  1/3  (/.  +  h  +  /c). 

/.I  -  l/3(Ia  +  ah  +  a'Ic). 

lat  =  1/3  (/a  +  a«/fc  +  ale). 
In  a  similar  way,  any  set  of  three  voltages  to  neutral  acting 
on   the  three-phase  apparatus  can  be  resolved  into  the  sum  of 
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three  sets  of  balanced  voltages  of  zero  phase  sequence,  positive 
phase  sequence,  and  negative  phase  sequence,  respectively. 

The  sequence  operators,  5*^,  5^  and  5*,  which  Mr.  Portescue 
introduces,  have  a  close  analogy,  it  seems  to  me,  with  the  j  used 
in  the  usual  treatment  of  alternating  currents.  In  the  elemen- 
tary theory,  it  is  found  useful  to  resolve  an  alternating  quantity 
into  two  components,  one  in  phase  with  some  reference  alter- 
nating quantity,  and  the  other  component  in  phase  quadrature. 
If  ti  and  ij  are  the  magnitudes  respectively,  of  the  in-phase  and 
the  quadrature  components,  their  lesultant  /,  is  denoted  by 
i  «  ii  +  jit*  Here  j  may  be  looked  upon  as  a  unit  alternating 
quantity  in  phase  quadrature  with  a  reference  alternating 
quantity.  Thus,  the  equation  t  =  Mi  +  j  it  states  that  the 
quantity  i  may  be  obtained  by  adding  together  ii  times  a  unit 
in  phase  quantity,  and  it  times  a  unit  quadrature  component. 

In  the  same  way,  the  symbols  5**,  5S  5*  may  be  regarded  as 
unit  pofy'phase  vectors*  of  zero,  positive  and  negative  phase 
sequence.'  Thus  5**  =  (1,  1,  1),  if  referring  to  currents,  rep- 
resents a  unit  current  in  each  phase  of  a  three-phase  apparatus 
the  three  currents  being  in  phase  with  some  reference  alternat- 
ing quantity.  Similarly,  S^  =  (1,  a^  a)  represents  a  unit 
balanced,  three-phase  current,  of  positive  phase  sequence,  in 
the  three-phase  apparatus,  the  current  in  the  first  phase  being 
in  phase  with  the  reference  alternating  qtiantity.  Likewise 
5*  =  (1,  a,  a*)  represents  a  unit  balanced,  three-phase  current  of 
negative  phase  sequence.  Thus  the  equation  (16)  S  {/«)  = 
5®  /o  +  5*  /oi  +  5*  lat  states  that  a  system  of  three  currents 
S  (/a)  is  equal  to  the  siun  of  three  sets  of  currents,  the  first  set 
bemg  of  the  type  5**,  that  is  of  zero  phase  sequence,  the  second 
set  of  the  type  5*,  that  is  of  positive  phase  sequence,  and  the  third 
set  of  type  5*,  that  is  of  negative  phase  sequence.  The  three 
currents  of  any  set  are  obtained  by  multipljdng  the  three  ctir- 
rents  of  the  corresponding  imit  polyphase  vector  by  the  complex 
quantity  indicated.  Thus  the  ciurents  in  the  second  set  are 
obtained  by  multiplying  the  three  currents,  1,  aj,  a,  respectively, 
by  Ia\. 

The  utility  of  resolving  three-phase  currents  and  voltages  in 
this  way,  when  applied  to  rotating  balanced  machines,  lies  in 
this  fact,  that  a  symmetrical  set  of  voltages  of  any  phase  sequence 
applied  to  the  machine  will  produce  a  S3rmmetrical  set  of  cunents 
of  the  same  phase  sequence,  and  that  a  symmetrical  set  of  currents 
of  any  phase  sequence  flowing  into  the  machine  will  produce  a 
symmetrical  set  of  terminal  voltages  of  the  same  phase  sequence. 
This  fact  is  well  known  in  the  theory  usually  given  of  balanced 
polyphase  apparatus,  although  it  is  seldom  explicitly  stated. 
Other  methods  of  dividing  a  set  of  unbalanced  three-phase 
quantities  acting  on  a  balanced  machine  into  components  would 

^This  very  fortunate  term  is  due  to  Mr.  C.  T.  Allcutt  and  expresses  the 
idea  of  the  paragraph  most  succinctly. 
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not  have  this  simplicity.  For  example:  suppose  the  three  actual 
currents  in  the  three  phases,  and  the  three  actual  voltages  of  the 
terminals  relative  to  neutral  were  taken  as  the  components  or 
coordinate  of  the  currents  and  voltages.  Then  one  component 
of  current  alone,  that  is  a  current  in  one  phase  only,  would 
not  produce  only  the  corresponding  component  of  voltage,  but 
would  produce  voltages  in  all  three  phases. 

Neglecting  saturation,  for  a  given  rotor  speed,  the  synunetri- 
cal  currents  produced  in  a  balanced  machine  by  symmetrical 
applied  voltage,  are  proportional  and  in  a  definite  phase  relation 
to  the  symmetrical  applied  voltage.  Thus  the  currents  may 
be  obtained  by  multiplying  the  individual  members  of  the  sym  - 
metrical  set  of  applied  voltages  by  some  complex  number.  Sim- 
ilarly, a  symmetrical  set  of  currents  flowing  into  a  balanced 
machine  produces  a  symmetrical  set  of  terminal  voltages  which 
may  be  obtained  by  multiplying  the  individual  members  of  the 
S3rmmetricaL  set  of  currents  by  some  complex  number.  The 
first  complex  number  could  be  called  the  S3mmietrical  admit- 
tance of  the  machine,  and  the  second  the  synunetrical  impedance. 

This  symmetrical  impedance  and  admittance  will  be  different, 
of  course,  for  symmetrical  components  of  different  phase  sequence. 
Thus  for  a  star-connected,  ungrounded  neutral  machine,  the 
admittance  for  symmetrical  voltage  of  zero  phase  sequence  will 
be  zero;  if  the  neutral  is  grounded,  the  imp^lance  to  zero  phase 
sequence  current  will  be  principally  the  leakage  reactance  be- 
tween phases;  if  the  rotor  is  running  near  synchronism  in  the 
sense  of  positive  phase  sequence,  the  impedance  Zi  to  positive 
phase  sequence  current  will  be  large,  while  the  impedance  Zj  to 
negative  phase  sequence  will  be  small.  The  complete  expres- 
sions for  these  impedances  Zi,  Zj,  are  given  in  equations  (122), 
(128).-  The  relations  between  current  and  voltage  components 
are  given  in  equations  (120)  and  (121).  In  these  four  equations 
is  concentrated  the  whole  theory  of  symmetrical  machines 
operating  under  unbalanced  conditions.  But  so  simple  are  these 
equations  and  their  physical  meaning  so  clear,  that  once  under- 
stood, they  enable  us  to  predict  qualitatively,  without  com- 
putation, the  behavior  of  rotating  balanced  machines  under  any 
unbalanced  condition  whatever. 

Consider,  for  example,  the  simple  picture  of  the  action  of  a 
phase  balancer  which  the  above  treatment  gives.  The  balancer 
is  merely  a  balanced  machine  across  the  polyphase  line  running 
near  synchronism.  It  offers  high  impedance  for  the  symmet- 
rical voltage  of  normal  or  positive  phase  sequence,  but  offers  a 
very  low  impedance  for  any  negative  phase  sequence  component 
of  voltage.  Thus  the  negative  phase  sequence  voltage  is 
"short-circuited  out,"  and  balance  on  the  line  is  preserved. 

The  harmful  effects  of  slight  unbalance  in  the  terminal  voltage 
of  a  polyphase  machine  upon  the  machine's  rating  is  also  clearly 
showii.  Since  the  negative  sequence  impedance  is  very  low,  a 
small  negative  phase  sequence  voltage  will  produce  large  negative 
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phase  sequence  currents  with  their  attendant  heating.  This 
suggests  a  better  quantity  to  denote  the  degree  of  unbalance  of 
a  line  than  the  one  commonly  used.  It  is  the  ratio  of  the  nega- 
tive phase  sequence  component  of  the  line  voltage  to  the  positive 
phase  sequence  component. 

Balanced  stationary  apparatus  also  enjoys  the  simplicity 
pointed  out  in  balanced  rotating  machines,  namely  that  sym- 
metrical voltages  of  any  phase  sequence  produce  symmetrical 
currents  of  the  same  phase  sequence,  but  here  the  impedances 
for  positive  and  negative  phase  sequence  are  always  the  same. 
The  zero  phase  sequence  impedance  is  generally  different. 

When  we  pass  to  unbalanced  apparatus^  things  become  more 
complicated.  Symmetrical  currents  of  one  ph^  sequence  no 
longer  produce  e.  m.  fs.  of  that  phase  sequence  alone,  but  the 
total  e.  m.  fs.  are  unsymmetrical  and  contain  components  of 
other  phase  sequences.  Let  us  consider  in  detail  an  unbalanced 
star  impedance,  with  grounded  neutral.  Let  the  phase  impe- 
dances be  Zt^,  Zh,  Ze. 

Let  us  first  study  the  e.  m.  fs.  to  neutral  produced  by  a 
zero  phase  sequence  current.  If  /«<>,  /«o,  /«o,  are  the  three  cur- 
rents, the  three  e.  m.  fs.  are  Z«/«o,  ZylaP,  ZJ^p  •  Resolving 
these  three  e.  m.  fs.  into  symmetrical  components,  we  find  by 
equations  (6)  that  the  zeroth  order 'component  is: 

\  {ZJ^  +  ZJ^^-  ZJJ)  =  J  (Za  +  Z»  +  Z,)  /.o 

The  positive  phase  sequence  components  will  be: 

\  {ZJ^  +  aZJ^  +  a'ZJao)  =  i  (Z«  +  aZt,  +  a^Z,)  I^ 

The  negative  phase  sequence  component  will  be: 

J  (Z./.0  +  a^ZJao  +  aZJao)  =  H2.  +  a^Z,  +  aZ,)  I^ 

Thus  the  total  e.  m.  f.  using  the  symbols  S?S'  5*  would  be 
written: 

5^  [J  (Z.  +  Z6  +  Z,)  lao]  +  5^  [i(Za  +  aZfc  +  a^Z;)I^]  + 

5»  [\{Z.  +  a«Z6  +  aZc]  lao  =   S^  {Zadao)   +  S'  (Zailao) 

+  3^  (Zatlao). 

Where  Z^o  =  J  (Z.  +  Z^  +  Zc) 

Z.i  =  i  (Z^  +  aZt  +  a^Z,) 
Zat  ^  i{Za  +  a^Zt  +  aZc) 

Now  consider  the  e.  m.  f *s.  given  by  the  positive  phase  se- 
quence  ciurents,    /«,  a*Iai,   alai.    They   will  be  Z«/ai,    Zya^Iai 

Z^Ial. 

Resolve  the  system  of  em.  fs.  into  symmetrical  components. 
We  find  for  the  zero  phase  sequence  component: 

i  {Zalal   +  ZiA^Iai  +  Z^Iai)    ==   H^.  +  ^'^6  +  «^c)  /.I   « 

Zat/al 
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For  the  positive  phase  sequence  component  we  find 

J  (Z./ai   +  aZ^Hal   +  a^Z^Ial)    ^UZa  +  Z^  +  Ze)  hi    « 

Zmohl 

For  the  negative  phase  sequence  component  we  find 

i  (ZJai  +  a^Z^Uai  +  aZealai)  =  i  (^.  +  aZt  +  a^Z,)  /.i  = 

Zallal 

Lastly,  consider  the  e.  m.  f.*s  produced  by  negative  phase 
sequence  currents,  /os,  a  ht,  aUai.  The  zero  phase  sequence 
component  will  be 

J  (ZJ.t  +  Z^ht  +  Z^^h2)  =  i  (Z.  +  flZfc  +  a^Ze)  /.,  = 
The  positive  phase  sequence  e.  m.  f.  component  will  be 

J  (Zaiat  +  aZ^Ia2  +  a^Z^Uai)  =  i  (Za  +  a*Z^  +  aZc)  /.«- 

Zas/aS* 

The  negative  phase  sequence  e.  m.  f .  component  will  be 
i  {Z.Ia2  +  a^Zialat  +  aZea^Iat)  =  J  (Z.  +  Z,  +  Z,)  /.,  - 

The  components  of  voltage  are  then  expressed  easily  in  terms 
of  the  quantities  Zoo,  Zau  Zat,  defined  in  equations  (8). 

Let  us  bring  these  results  together  in  tabular  form  where  the 
relations  between  them  can  be  observed. 


Currents 

Voltage  Components 

5®  or  sero 
phase  sequence 

S^  or  positive 
phase  sequence 

5*  or  regative 
phase  sequence 

Zero  phase  sequence, 

1^  (lao)--(laolaolao) 
Positive  phase  sequence, 

S^  (lal)^(l^ua^laualal) 

Negative  phase  sequence 

S^   (lai)  =  (/•«.  a/a2,  aV.2) 

Zaolao 
ZaiJal 
ZalTa2 

Zal^ao 
Zaolal 
Zallat 

Zatlao 
Zallal 

Zaolao 

Studying  the  table  above,  we  see  that  each  symmetrical 
component  of  current  gives  rise  to  symmetrical  voltages  of  all 
three  phase  sequences.  We  notice  first  the  e.  m.  f.  component 
which  is  of  the  same  phase  sequence  as  the  current  by  which  it 
is  produced,  is  obtained  by  multiplying  the  producing  currents 
by  ZoQ*  That  is  the  unbalanced  apparatus  may  be  said  to  have 
one  component  of  impedance,  Zoo,  which  gives  e.  m.  f.  's  of  the 
same  phase  sequence  as  the  currents.  This  component  of  im- 
pedance does  not  change  the  exponent  of  the  S  symbol  defining 
the  phase  sequence  of  the  currents.  Thus  Zao  alone  correspond- 
ing to  the  currents  S^  (lao)  gives  the  e.  m.  fs.  5®  {Zailao) ;  corres- 
ponding to  the 
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Currents  5^  (/ai)  gives  the  e.  m.  fs.  5*  (Zao/ai);  and  corres- 
ponding to  the 

Currents  5*  (/aj)  gives  the  e.  m.  fs.  5*  (Zj  /.«). 

Now  let  us  examine  how  Z«i  enters  in  thi^  above  table.  Cor- 
responding to  the  zero  phase  sequence. 

Currents  5®  (/ao)  we  find  the  e.  m.  fs.  5*  (Z«iJao)  of  positive 
phase  sequence.     Corresponding  to  the  positive  phase  sequence. 

Currents  5*  (/oi)  we  find  the  e.  m.  fs.  5*  (ZaiJai)  of  negative 
phase  sequence.     Corresponding  to  the  negative  phase  sequence. 

Currents  5*  (/oj)  we  find  the  e.  m.  fs.  S^  {Z^ihii  of  asero  phase 
sequence. 

If  we  agree  now  to  the  following  definitions  of  the  symbols  5 
when  affected  with  higher  exponents: 

5»  «  5**;  5*  =  5^;  5»  =  5«;  5«  «  5**;  5^  =  5*;  etc. 

We  see  that  the  way  in  which  Z<,i  terms  enter  can  be  summarized 
in  this  way: 

The  unbalanced  apparatus  has  a  component  of  impedance, 
Zai»  which  increases  the  exponent  of  the  phase  sequence  symbol 
by  unity. 

Lastly,  let  us  see  how  Z^t  enters  the  above  table.  We  find 
that: 

Currents  5®  {la^  give  e.  m.  fs.  5*  (Zoi/oo). 

Currents  5*  (/.i)  give  e.  m.  fs.  S^  (Z«j/.i). 

Currents  5*  (/oj)  give  e.  m.  fs.  5*  {Zatlai). 

This  may  be  stmimarized  by  saying  that  the  unbalanced  appara- 
tus has  a  component  of  impedance  Zat  which  increases  the 
exponent  of  the  sequence  symbol  by  two. 

All  these  results  will  be  obtained  automatically  if  we  suppose 
that  symbols  5®,  5*,  5*,  aie  attached  respectively  to  Zoo,  Z.i,  Z^t, 
and  when  multiplying  the  current  componentis,  5®  (lao),  S^  (/ai), 
5*  (lai),  the  exponential  laws  hold.     Thus: 

S^  (Zao)  S^  (lao)  =  S^  (Zao  ho)  \  5^  (Zai)  S?  (lao)  =  5^  (Z^ilao). 
S^  (Zoo)  S'  (/.l)  =  5^  (Zao  /.l);  5^  (Zai)  S^  (/.i)  =  5«  (Zai/al). 
S^  {Zao)  5«  (la,)    =   5«  (Zaolat);  5*  (Z.i)  5»  (I,o)    =   5»  (Zai/.,). 

=  5**(Z.i/a,). 
5«  (Za,)  S^(Iao)    =   5»  (Z.2/ao) 
.     5«  (Za,)  5H/al)     =   5»  (Za,/al)    -   5»(Za,/.i) 
5«  (Za,)  5»  (/a,)    =    5*  (Za,/a,)    =    5*  (Za,/.,) 

The  whole  result  can  be  expressed  by  writing  the  total  imped- 
ance, S(Za)    =  5^  Zao  +  51  Zai  +  5»  Za,. 

To  get  the  e.  m.  fs.  corresponding  to  any  currents,  we  multiply 
together  the  total  impedance  by  the  total  current,  following 
merely  the  rules  of  algebra,  and  interpreting  higher  powers  of  S 
as  described  above.     Thus  we  get: 

'  5(£a)    =    S(Za)  S{Ia) 

=    {S^Zao  +  S'Zal  +  S'Zat)   (S'lao  +  5^/al  +  5»/a,) 
=   S^iZaoIao  +  Zai/a,  +  Za,/al)   +  S'iZao  /.I 

+  ZaJao  +  Za,/a,)  +  5«  {Zad^  +  Z^xUx  -^Z^ao) 
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We  get  here  the  fotmdation  of  a  complex  three-phase  algebra, 
whi(3i  performs  the  same  functions  for  three-phase  systems  as 
the  usual  complex  quantity  does  for  simple  alternating  current. 

This  leads  to  another  interpretation  or  mode  of  viewing  the 
sequence  symbols,  5®,  5*,  5",  and  here  again  we  may  profit  by 
analogy  with  the  j  in  the  complex  algebra  of  simple  alternating 
quantities.  Suppose  i  is  a  current  in  phase  with  some  reference  al- 
ternating quantity.  If  this  cunent  flows  through  a  resistance  r. 
the  resulting  e.  m.  f .,  ri  is  also  in  phase  with  reference  alternating 
quantity.  If  the  resistance  is  of  unit  value  the  resulting  e.  m.  f . 
is  ♦.  Suppose,  however,  that  the  current  flows  through  a 
reactance  whose  impedance  is  x  ohms.  The  resulting  e.  m.  f. 
will  hex  I  in  magnitude,  but  it  will  be  in  phase  quadrature  with 
the  reference  alternating  quantity.  This  is  taken  care  of  in  the 
usual  theory  by  affecting  the  expression  for  the  reactance  with  a 
jy  thus  xj,  and  making  j  have  the  property  that  when  multiplying 
a  vector  or  alternating  quantity  it  does  not  change  the  vsdue  of 
the  vector  but  merely  advances  its  phase  by  ninety  degrees 
This  is  a  different  meaning  from  what  was  given  before,  j  here 
no  longer  represents  a  unit  vector  or  alternating  quantity.  It 
now  represents  an  operator,  or  a  symbol  for  advancing  the  phase 
of  any  vector  which  it  multiplies.  Where  j  by  itself  is  referred 
tc  as  a  vector,  it  should  be  understood  that  ji  is  meant;  where 
i  is  a  unit  vector  in  phase  with  the  reference  vector. 

It  is  clear  that  operating  twice  successively  by  j  upon  a  vector 
merely  reverses  the  phase  of  that  vector.  Thus  j  (jA)  =  —  1, 
which  leads  to  the  rule  of  multiplication  /*  =  -!.  Lastly,  we 
see  that  the  e.  m.  f .  induced  by  a  current  flowing  through  an 
impedance  may  be  obtained  coirectly  both  in  phase  and  magni- 
tude by  multiplying  the  current  by  a  number  of  the  form  r  +  jx, 
which  lepresents  the  complete  impedance.  Thus  the  complex 
algebra  of  simple  alternating  quantities  is  bom. 

We  may  attach  significance  as  operators  in  a  similar  way  to 
the  symbols  5®,  5^,  5*,  Now  they  shall  no  longer  represent  poly- 
phase vectors,  but  shall  merely  be  operators  which  when  written 
next  to  a  polyphase  vector,  change  it  into  a  polyphase  vector 
of  another  phase  sequence.  The  quantities  which  the  S*s  affect 
shall  be  considered  as  polyphase  vectors.  Thus  the  symbol  / 
shall  stand  for  three  currents,  each  equal  to  /.  Operating  on  / 
with  5*  means  multiplying  each  of  these  currents  by  unity. 
Thus  5®  is  a  tmity  operator  and  does  not  change  the  polyphase 
vector  upon  which  it  operates.  A  separate  symbol  for  it  might 
have  been  omitted. 

S^  I  or  S^  operating  on  J,  means  that  the  three  currents 
/,/,/,  are  to  be  multiplied  by  1,  a*,  a,  respectively;  or  that  the 
first  current  is  to  be  unchanged,  the  second  to  be  advanced  in 
phase  by  120  deg.  and  the  third  by  240  deg.  S'  by  itself  shall 
not  mean  anything  unless  it  is  tmderstood  to  be  followed  by  1 
in  which  case  it  stands  for  the  unit  polyphase  vector  of  positive, 
rotation  obtained  by  operating  with  S^  on  the  three  currents 
(1.  1,  1). 
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Similarly,  5*/  oi  5*  operating  on  /,  means  that  the  three  cur- 
rents /,  /,  /,  are  to  be  multiplied  by  /,  a,  a*,  respectively;  or 
that  the  first  current  is  to  be  unchanged,  the  second  advanced 
in  phase  by  240  deg.  and  the  third  by  120  deg.  5*  by  itself 
shall  not  mean  anything  unless  it  is  understood  1o  be  /,  in 
which  case  it  stands  for  the  unit  poljrphase  vector  of  negative 
phase  rotation  obtained  by  operating  upon  the  polyphase  quan- 
tity (/,  /,  I). 

With  the  meamng  now  given  to  5*,  5*,  5*,  it  at  once  follows 
that  they  satisfy  the  law  of  exponents.  For  example,  5^  (S^I) 
means  leave  the  first  cuirent  /  unchanged;  advance  the  second 
cxurent  /,  in  phase  by  120  deg.,  and  then  again  by  120  deg; 
advance  the  third  cuirent,  /,  by  240  deg.  and  than  again  by 
240  deg.  It  is  clear  that  the  final  results  are  exactly  the  same 
as  the  results  of  operating  with  S*  on  /.  Also  it  is  clear  that 
multiplication  by  an  opeiators  and  a  constant  Z  is  commuta- 
tive. Thus  ZS^I  =»  5»Z«i/.  This  serves  as  the  foundation  of 
the  complex  thiee- phase  algebra. 


^/C 


\^V7jOhm0 


Fig.  4  Pig.  6 


In  the  complex  algebra  of  simple  alternating  quantities,  it  is 
easy  to  give  an  illustration  of  the  operator  /  as  in  impedance. 
In  fact,  a  reactive  impedance  of  one  ohm  gives  for  any  current 
an  e.  m.  f.  which  may  be  obtained  from  the  current  by  multi- 
plying by  /.  Can  we  similarly  illustrate  the  three  operators 
5*,  S\  5«. 

5^,  of  course,  is  easy.  Take  a  grounded  star  of  resistances, 
each  of  one  ohm.  Then  we  find  for  the  currents  5**  ( J)  =  {/,  /,  /) 
the  voltages,  (/,  /,  /)  =  5®  /;  for  the  currents  5*  (/)  = 
(/,  al,  a^I)  the  voltages  (/,  al,  aU)  =  5»/. 

Now  for  5*.  Take  a  grounded  star  in  which  the  impedance 
of  phase  a  is  1  ohm,  of  phase  6,  (—  i  —  i  Vsj)  ohms  =  a*  ohms, 
and  of  phase  c,  ( —  i  +  i  VsT)  ohms  =  a  ohms.  Now  we 
find  for  the  currents  5°  (/)  =  (/,  /,  /),  the  e.  m.  fs.  (/,  a«/,  al)  = 
5^/  =  5^  (S^I)  for  the  currents  5^  (J)  =  (/.  a«/,  al),  the  e.  m.  fs. 
(/,  a/,  aU)  =  5»/  =  5'  (57);  for  the  currents  5«  (/)  = 
(/,  a/,  aV),  the  e.  m.  fs.  (/,  /,  /)  =  5°/  =  5^  (5«/).     Fig.5. 

Lastly,  5*.  Take  a  grounded  star  in  which  the  impedance  of 
phase  a  is  1  ohm,  of  phase  6,  ( —  i  +  i  Vsj)  ohms,  and  of 
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phase  c,  (—J  —  I  Vsj)  ohms.  Then  we  find  for  the  currents 
5^  (/)  =  (/,  /,  /),  the  e.  m:  fs.  (/,  a/,  aH)  =  5«/  =  S^S^I; 
for  the  currents  5'  (/)  =  (/,  a^I,  at)  the  e.  m.  fs.  (J,  /,  /)  =» 
S^I  =  5*5'/;  for  the  currents  S^  (I)  =  (/,  a/,  a*/)  the  e.  m.  fs. 
(/,  a«/,  al)  =^  S^I  ^  5»5»/.     Fig.  6. 

In  these  examples,  negative  resistances  appear.  This  is  not 
surpiising,  as  it  is  clear  that  unbalanced  apparatus,  when  cur- 
rent of  one  phase  sequence  flows,  may  feed  energy  into  impressed 


1  Ohm 


-VfeOhin 

♦%V^J  Ohms 


Pig.  6 


e.  m.  fs.  of  another  phase  sequence.  The  negative  resistance 
may  be  represented  physically  by  a  series  commutator  a-c. 
motor,  driven  at  constant  speed  in  the  opposite  of  its  motoring 
direction  of  rotation. 

The  resolution  of  an  arbitrary  three-phase  star  impedance 
into  its  three-phase  components  is  merely  the  problem  of  finding 
three  three-phase  impedances  of  the  5**,  S^  and  5*  type,  respec- 
tively, which  put  in  series  as  in  Pig.  7  will  reproduce  the  given 
three-phase  star. 


It  is  clear  that  admittances  may  be  treated  in  the  same  way 
as  impedances  above.  Thus  the  general  three-phase  admittance 
may  be  written  in  terms  of  its  components,  thus: 

S{Ya)    =    S^Yao  +   S'Yal   +   S'Yat 

The  cunents  produced  by  a  general  three-phase  voltage  5  (£«) 
=  S^E^  +  S'Eai  +  S^Eai  will  be: 
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5  (/a)  -  {S'Y^  +  5»F.i  +  5»F.,)     {S^'Eao  +  5^£.i  +  5«iS.,). 
=  5*  (F  £^  +  Fai£.,  +  Fa»£.i) 

+  5»  (F.o£.i  +  K.iEao  +  F.,iS.,) 
+  5«(F.o£.,  +  F.i5.i  +  F.t£ao). 

In  the  complex  algebra  of  simple  alternating  currents  we  pass 
formally  from  an  impedance   R  +  jx  to  the    corresponding 

admittance  by  taking  the  reciprocal,  — .     .     and  multiplying 

numerator    and    denominator    by  r  —  jx    to    reduce     it     to 
the  standard  form. 


Thus  -—7  X  —4-  =  :rirzk  -J 


r  +  Jx       r—jx      r^  +  x^      •^  r*  +  x* 

Similarly  in  this  three-phase  complex  algebra  we  obtain  the 
admittance    corresponding    to    an    impedance    S^Zcfi  +  S^Zai 

+  5  Zai  by  taking  the  reciprocal^o-^ — .    o  y — .    o  y   -     But 

now  to  reduce  to  standard  form  we  must  multiply  niunerator 
and  denominator  by 

5**  (Zao  +  aS'Zai  +a«5»Z.j)  (S^Zao  +  a^S'Zai  +  aS^Zat). 

Thus: 

1 S^Zao  +  aS^Zai  +  a^S^Zat 

S^Zao  +    S^Zai  +  S^Zai    '    S^Zao  "4    fl5^Z.i  +  0»5»Za2    * 

>y*  Zao  +  a^S^Zai  +  aS^Zat 

S^  Zao  +  a^S^Zai  +  aS^Zat 

S^  {Za^^+  a^ZaiZat  +  aZ.iZ.,)  +  S'ia^ZaoZai  +  aZaoZai  +  Z«.,) 

________^ +  S'ia^ZaoZat  +  Z^al  +  aZa<^at) 


S^  (Pao  -  Zgi  Zat)   +  y  {Zi'a^  -  Zao  Zgl)   +  S'   iPa,    ^   Zgp  Zgt) 
5^(Z»ao  +  Z».i  +  Z»a2    -   3  Zao  Zai  Z.,) 

Remembering  that  S?  is  an  operator  which  does  not  change 
the  quantity  upon  which  it  acts,  and  therefore  that  a  symbol  for 
it  might  have  been  omitted,  we  may  leave  off  the  5**  in  the 
denominator  and  get  for  the  final  admittance  : 


S{Ya)  «5* 


Z^flo  Zai  Zai 


Z*,o  +  Z»-l  +  Z*.t-3  Zao  Zai  Zat 
Z  «s         2#ao  Zai 


+  s^ 


P.O  +  Z^al  +  Z^at   ~  3  Zao  Z.i  Zat 
Z^al   ""  Zao  Zai 


+  s* 


Z*ao  +  Z*al  +  Z*at~3  Zao  Zai  Zat 
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The  principles  just  eniindated  enable  us  to  put  together  three- 
phase  apparatus  and  calculate  the  resulting  three-phase  com- 
ponents just  as  is  done  in  single-phase  apparatus.  For  apparatus 
in  parallel,  we  add  admittances;  for  apparatus  in  series  we  add 
impedances. 

So  far,  in  the  static  apparatus  considered,  the  mutual  induc- 
tance between  "legs'*  of  the  three-phase  apparatus  has  been 
assumed  zero.  When  these  mutual  inductances  are  not  asero, 
things  become  more  complicated.  A  three-phase  apparatus 
with  grounded  neutral  is,  of  course,  a  four  terminal  network,  and 
as  is  well   known,   in   the  most   general   case  would  require 

4X3' 

— jz —  =  6  complex  constants  to  characterize  it  under  steady 

state  conditions.  It  is  clear  that  a  complex  three-phase  expres- 
sion S^  Zoo  +  5^  Z«i  +  £*  Z«j  depends  on  only  three  complex 
constants,  and  hence  cannot  represent  the  most  general  three- 
phase  apparatus. 

The  relations  between  the  symmetrical  components  of  voltage 
and  current  on  the  general  static  three-phase  network  are  given 
in  equations  (26).  One  way  of  stmmiarizing  these  equations 
would  be  to  say  that  the  three-phase  apparatus  has  three  dif- 
ferent impedances  for  the  three  phase-sequence  currents.  Thus 
the  impedance  to  zero  phase  sequence  current  as  given  by 
equations  (26)  is: 

5*  (Z«^  -h   2  Zuo)    +5^  (Z-al  -   Z,,,,)  +  5»  {Zaal-   Zfc.,) ; 

the  impedance  to  positive  phase  sequence  currents  is 

5^  (Z^  -  Zuo)  -I-  5^  (Z«.i  +  2  Z^ei)  +  5»  (Z«2  -  Zfc,,); 
and  the  impedance  to  negative  phase  sequence  currents  is 

^  {Za^  -  Zfc^)  -h   5^  (Za«l  -   Zui)    +    5«  {Zaat  +  Z*,,), 

Another  way  of  summarizing  the  equations  (26)  would  be  to 
say  that  the  actual  three-phase  apparatus  is  equivalent  to  a 
three-phase  network  having  the  three-phase  impedance 

S?{Z^  -  Zuo)  +  S^  (Za.1  -  Z6,i)  -I-  5«  {Z^t  -  Zftrt), 

in  series  with  a  network  whose  impedance  to  zero,  positive  and 
negative  phase  sequence  current  are  respectively,  5*3  Zh«o\ 
S'ZZm;  ysZtci. 

With  the  ideas  developed  in  this  paper,  solutions  of  problems 
on  symmetrical  rotating  machines  with  imbalanced  static  appa- 
ratus may  be  worked  with  comparative  ease.  As  an  example 
I  shall  consider  the  case  of  a  generator,  with  ungrounded  neutral, 
acting  on  a  given  star  load,  of  leg  impedances,  Z.,  Z6,  Z^.  Sup- 
pose the  machine  is  symmetrical,  t.  e.,  non-salient  poles,  and  a 
damping  squirrel  cage  on  the  field.  In  this  case  the  generator 
has  an  impedance  Zi  to  positive  phase  sequence  current,  and  a 
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small  impedance  Zt  to  negative  phase  sequence  currents.  The 
positive  phase  sequence  impedance  Zi  is  what  has  been  called 
the  synchronous  impedance  of  the  machine  such  that  if  E  is- the 
no  load  voltage,  E  —  ZJ  is  the  voltage  on  a  positive  sequence 
balanced  load  /.  The  problem  is  to  find  the  currents  and  volt- 
ages on  the  load,  and  the  voltage  between  load  neutral  and 
generator  neutral. 

We  have  given  that  lao  =  O. 

We  calculate  the  impedance  drops  of  positive  phase  sequence 
and  put  their  sum  equal  to  the  generated  positive  sequence 
voltage.     Thus: 

Zi  /«i   +  Zoo  Ia\   +   Zat  Ia%    =   E, 

Similarly,  since  the  generated  negative  phase  sequence  voltage 
is  zero, 

Zt  /«!  +  Za\  Ia\   +  Zoo  lal   =    0. 

Solving  for  hi  and  /«j 

J     ^  p  Z»  +  Zffi 

Z\  Z\  +   (Zi   +  Z2)  Zao  +  Z^ao  ""  Zoi  ZoJ 


Zi  Zj  +   (Zi  +  Zj)  Zao  +  Z^ao  "-  Zoi  ZoJ 

The  terminal  voltages  will  be : 

r«_I7         1     J       ^    1      T        I5rr_7?^fl0~~    Zoi  Zo2  +   Z%  Zo, 
iifll   —  -fir—  Zi  ifli   —  Z,coIal  -T  ^flJ  /o2  —  -ti  . 


0 

7 

Ea2    =    —   Z2  /a2    =    Zal    lal   +   Zoo  /o2    =    E 


ZjZoi 


0 

The  voltage  between  load  neutral  and  generator  neutral  will 
be: 


Eao   —   Zal  *o2   +  ZoJ  lal   =  E 


^   Z'ol   +  Zgo   ZqJ  +   Zj  ZoJ 

D 


A  special  case  of  interest  is  where  Zb  —  Ze  are  zero,  that  is,  a 
single- phase  short  circuit.     We  then  have: 

Zao  ^   \  Za  Zal    =    \  Zal  Zal   ^    i  Za 


/.I  =  E 


ZZ^Zi  +  (Z.  +  Z,)  Z. 

-^Za 

3  Zi  Z,  +  (Z,  +  Zi)  Z. 
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Ea,  =  E 


E 


3Zi 

Zt 

+  (Zi 
ZtZ. 

+  Z,)  z. 

3Z, 

Zt 

+  {Z, 
ZtZ, 

+  z.)  z. 

3  Zi  Z,  +  (Zi  +  Z,)  Z. 


If  just  previous  to  the  single-phase  short  circuit  the  generator 
was  unloaded,  Za  becomes  infinite  and  our  final  results  are: 


/.I  =-  h^ 


Zi  +  Z, 

If  the  generator  above  did  not  have  a  damper  winding  on  the 
field,  it  would  be  an  uns3rmnietrical  machine  having  a  single- 
phase  rotor.  As  we  know,  the  theory  of  tmsynmietri^  rotating 
machines  is  of  considerable  complication.  Mr.  Portescue  has 
promised  a  treatment  by  these  methods  of  the  general  unsym- 
metrical  rotating  machine  in  a  future  paper,  which  I  look 
forward  to  with  great  interest. 

C.  P.  Steinmetz:  In  dealing  with  calculations  or  investi- 
gations of  polyphase  systems,  or,  as  usually  the  case,  three-phase 
systems,  the  diflSctilties  which  we  meet  are  not  so  much  mathe- 
matical difficulties,  but  are  what  I  may  call  mechanical  difficul- 
ties. The  equations,  while  mathematically  not  complicated, 
lead  to  expressions  which  are  so  complicated  and  extensive  in 
form  as  to  make  any  such  calculations  extremely  difficult. 

In  dealing  with  the  balanced  polyphase  system,  this  difficulty 
has  been  overcome  by  the  introduction  of  the  equivalent  single- 
phase  system,  by  considering  the  polyphase  system  as  resolved 
mto  a  number  of  single-phase  systems,  each  comprising  the 
circuit  from  one  of  the  phase  wires  to  the  neutral  point  of  the 
system.  This  method  however,  fails  in  the  unbalanced  poly- 
phase system — and  naturally  practically  all  existing  commercial 
polyphase  systems  are  more  or  less  imbalanced — and  the  theory 
of  the  vector  method  given  to  us  todky  in  a  more  extensive 
description  by  Mr.  Fortescue,  gives  the  solution  by  showing  us 
in  the  case  of  the  general  three-phase  system  that  it  can  be 
resolved  into  two  balanced  three-phase  systems  of  opposite  phase 
rotation.  We  can  apply  the  same  plan  to  other  polyphase 
systems. 

V.  Karapetoff :     Mr.  Fortescue  deserves  the  gratitude  of  the 
profession  for  bringing  out  a  new  method  for  numerical  compu- 
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tations  in  unsymmetrical  polyphase  systems,  and  also  for 
applying  the  method  to  a  number  of  practical  cases. 

Expressions  (4)  represent  the  result  of  solution  of  certain 
equations,  which  equations  tmfortunately  are  not  given  in  the 
paper.  The  expressions  quoted  are  unnecessarily  involved,  and 
it  is  difficult  to  see  their  method  of  derivation.  Moreover, 
it  may  be  shown  that  they  do  not  represent  the  most  general 
case  of  resolution  of  an  imsymmetrical  system  of  vectors.  The 
following  procedure  would  seem  to  be  preferable. 

Definition.  A  multiple-angle  symmetrical  pol)rphase  system  of 
vectors  is  defined  as  one  in  which  the  vectors  are  numbered  not 
consecutively,  but  skipping  a  certain 


i 


I 


angles  3V 

1  and  \         ^       ^x^6 

hase  2  X     *V^ 

tion  of  _^^*ClL 

ems  is  ^^^--'-''''''/Xy*'"''*-^ 

-"—is  5              /    \              4 

^  /  \ 


ntunber    of    vectors.    Thus,    Fig.   8 
represents  a  triple-angle  seven-phase 
clockwise  system,  because  three  angles 
are  comprised  between  phase 
phase  2,  and  also  between   phase 
and  3,  etc.     Such  a  generalization  of 
the  concept  of  polyphase  systems 
useful   when  the  ntmiber   of  phases 
and  the  ntunber  of  angles  skipped  are 
prime  numbers,  so  that  all  the  phases 
may    be     numbered     consecutively, 
without  omitting  or  repeating  any.  J_ 

If  the  total  number  of  phases  nis  a    Se>4n.Phase  Svmm^^^^^ 
prime  niunber,  then  the  total  niun-    System 
ber    of     possible     combinations     or 

multiple  systems  is  (n  —  1),  the  angles  between  the  consecu- 
tive phases  being ,  2  X  ,  .  .  .  (n  —  1)  .        It  is 

n  n  n  . 

asstuned  that  the  numbering  in  aU  the  systems  is  either  clock- 
wise or  cotmter-clockwise,  so  that  there  is  no  confusion  between 
a  positive  and  a  negative  phase  sequence. 

Theorem  1.  An  arbitrary  system  of  n  unequal  and  uns3rm- 
metrical  vectors, tw^Aott^  residue,  may  be  represented  by  (n—  1)  S)rm- 
metrical  multiple  n-phase  systems.  A  system  without  residue 
is  defined  as  one  in  which  the  sum  of  the  vectors  is  equal  to  zero. 

Let  the  given  vectors  be  £1,  £1, E^  and  let  the  («  —  1) 

unknown  systems  be  denoted  by  A,  B,  .  .  .  Jkf ,  where  i4  is  a 
single-angle  system,  j5  is  a  double-angle  system,  etc.  It  is 
required  to  prove  that  the  following  equations  are  consistent 
and  may  be  solved  tor  A,  B, M: 

Ei=  A1+B1+  .  .  .  +Mi 
E^^  A,  +  Bt+  ,  ,  ,  +Mt 


En^    An+Bn+    .    .    .    +Mn 

These  equations  correspond  to  eqs.  (4)  in  Mr.  Fortescue's  paper 


(I) 

Lper 
when  S  £  =  0.     In  order  to  preserve  the  same  conventions  as  in 
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the  original  paper,  the  component  systems  are  assumed  to  be 
numbered  clockwise  (though  the  vectors  are  rotating  counter- 
clockwise). Then  if  a  is  an  operator  which  rotates  a  vector  by 
an  angle  2  ir/n  cotmter-clockwise,  the  preceding  equations 
become 

El--  Ai  +  Bi+  ,  .  .  +Mi 

£,  =  a-Mi  +  a-* 5i  +  .  .  .  +  a-(»-i>  Mi 


(2) 


These  n  equations  contain  (n  —  1)  unknown  vectors  Au  Bi,  .  ,  , 
Ml,  but  only  (n—  1)  equations  are  independent  of. each  other, 
because  of  the  condition  2  £  =  0.  To  solve  for  A  i  multiply 
the  second  equation  by  a,  the  third  by  a^,  etc.  and  add  them 
together.     The  result  is 

nAi=  Ei+aE2+  .  .  .  +  a^' E.  (S) 

This  checks  with  the  second  line  of  Mr.  Fortescue's  equations  (4) 
By  analogy  we  obtain 

nBi^  Ei  +  a*Et+ +  a^  (-^^  En (4) 

and 

»  Afi  =  £i  +  a"-i  £,  + aC»-i)  <»-i>  En  (6) 

The  theorem  is  thus  proved  because  equation  (2)  can  be  solved 
for  the  («  —  1)  tmknown  vectors  in  terms  of  the  given  £'s. 

Theorem  2.  Referring  to  theorem  1,  if  the  given  system  of 
vectors  has  a  residue,  say,  equal  to  a  vector  R,  this  residue  may 
be  split  into  n  arbitrary  vectors,  pi,  p2,  .  .  .  Pn,  in  phase  or  out 
of  phase  with  one  another,  and  equations  (1)  become 

Ei^  Pi  +  Ai  +  Bi+ +Mi 

£t=  Pi  +  ^2  +  5i+ +M, 


En^    Pn+An+Bn+ +M^ 


(6) 


This  proposition  follows  at  once  from  the  fact  that  the  vectors 
(El  —  pi),  (£j  —  Pj),  etc.  form  a  system  without  residue,  so  that 
theorem  1  applies  to  them.  Mr.  Fortescue  considers  only  a 
particular  case  when 

Pi  =  pt  =    ,  ,  .  .  '^^  Pn'''  R/n 

=  (El  +  £,  +  .  .  En)    In  (7) 

and  writes  this  expression  as  the  first  term  on  the  right-hand 
side  in  all  the  formulas  of  his  equations  (4).  This  is  perfectly 
justifiable  in  so  far  as  he  is  after  a  symmetrical  solution,  but 
there  may  be  practical  cases  in  which  a  more  general  representa- 
tion according  to  equations  (6)  is  preferable.  In  this  case  the 
expressions  (£i  —  pi),  (£t  —  pj),  etc.  must  be  used  in  equations 
(8)  to  (6),  instead  of  £i,  £i,  etc. 

The  net  result  is  that  only  a  system  without  residue  may  be 
resolved  in  a  perfectly  definite  manner,  while  a  system  with  a 
residue  first  must  be  convert^  intP  one  without  residue  b^ 
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subtracting  arbitrary  parts  of  the  whole  residue  from  each 
vector. 

With  a  three-phase  system  the  double-angle  component  simply 
becomes  a  three-phase  system  of  an  opposite  phase  rotation,  so 
that  it  is  not  necessary  to  introduce  the  question  of  multiple- 
angle  systems.  From  a  practical  point  of  view  the  paper  would 
gain  much  if  the  author  would  begin  directly  with  the  three- 
phase  system  on  the  basis  of  his  equations  (6),  and  leave  the 
general  consideration  of  n-phase  systems  for  the  end  of  the  paper. 
For  reference  purposes  one  would  not  have  to  study  the  general 
theory  and  perhaps  get  discouraged  before  obtaining  the  required 
bit  of  specific  information. 

The  introduction  of  the  sequence  operator  S  does  not  seem  to 
be  necessary,  at  least  for  the  three-phase  system.  A  proper 
cyclic  notation  should  accomplish  the  same  purpose  with  much 
less  theory  and  much  less  writing.  As  a  matter  of  fact,  the 
index  of  S  may  be  obtained  correctly  from  the  subscripts  in  the 
expression  to  which  it  refers.  For  example,  in  Mr.  Fortescue's 
formula  (22)  on  the  first  line  the  sum  of  the  subscripts  of  Z  7  is 
1  -h  2  =  3,  and  the  order  of  5  is  3  or,  which  is  the  same,  0.  On 
the  second  line  the  simi  of  the  subscripts  of  Z  /  is  1  +  0  =  1, 
and  the  order  of  5  is  1 .  The  same  is  true  for  all  the  fundamental 
formulason  pp.  1038  to  1042  aswell  as  in  applications.  Therefore, 
it  would  seem  that  the  operator  S  ought  to  be  dropped,  and  the 
formulas  so  rewritten  that  they  would  apply  to  any  phase  of  the 
system  in  cyclic  rotation. 

The  fimdamental  formula  (21)  will  then  simply  become 

£  =  ZI+W+I++W-I^  (8) 

Here  £,  Z,  and  I  apply  to  any  of  the  three  phases,  /+  is  the  cur- 
rent in  the  next  consecutive  phase,  and  7-  is  the  current  in  the 
preceding  phase.  For  example,  if  £,  Z,  and  7  refer  to  phase 
ft,  7+  refers  to  phase  c  and  7_  refers  to  phase  a.  At  the  same 
time  the  equation  is  so  written  that  any  of  the  three  phases  may 
be  taken  as  the  phase  under  consideration.  W+  and  W-  are  the 
corresponding  mutual  reactances. 

When  the  mutual  inductance  between  a  primary  and  a  second- 
ary polyphase  circuit  must  be  considered,  Fortescue's  equation 
(28)  applies,  and  in  the  simplified  cyclic  notation  it  becomes 

£  =  XJ  +  X+J+  +  X-J^  (9) 

where  7,  7+  and  /_  are  the  secondary  currents  in  the  three  phases. 
The  letter  X  is  used  instead  of  W  to  indicate  that  the  mutual 
inductance  is  between  the  phases  of  the  primary  and  the  second- 
ary circuit.  X  without  subscript  covers  the  combinations  of 
the  "corresponding**  phases  a  —  «,  ft  —  r,  and  c—  w,  while  X^ 
refers  to  the  combinations  a—  v,b—  w,c^  uoi  the  phases  '*tied 
one  forward**,  and  X^  refers  to  the  remaining  combination  of 
the  phases  "tied  two  forward**,  or  "tied  one  backward'*. 

Each  of  the  quantiti^  in  equations  (8)  and  (9)  may  be  rep- 
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resented  by  means  of  symmetrical  coordinates  in  a  general 
manner,  without  specifying  phases  a,  b  and  c,    Thus» 

I     ^    lo  +  Ip  +  In  1 

/+=  /o  +  a/p  +  a-'/n  (10) 

/_=  I,  +  a-'Ij,  +  aIn    J 
Similarly, 

W+=   Wo  +  aWj,  +  a''^Wn     .  (U) 

The  first  equation  (10)  refers  to  any  phase,  and  states  that  the 
current  in  that  phase  is  a  sum  of  the  residue  current  /o,  plus  the 
vectors  Ip  and  In  of  the  symmetrical  coordinates  of  the  same 
phase.  The  subscripts  p  and  n  refer  to  the  systems  of  positive 
and  negative  phase  rotation  respectively.  In  an  n-phase  system 
subscripts  1,  2,  3,  etc.  should  be  used  in  place  of  p  and  h,  to  indi- 
cate single-angle,  double-angle,  triple-angle,  etc.  coordinates. 

Substituting  expressions  such  as  (10)  and  (11)  into  equations 
(8)  and  (9)  one  obtains  comparatively  simple  polynomials  with 
three  groups  of  terms:  those  without  a,  those  mtdtiplied  by  a, 
and  those  multiplied  by  a""^  These  final  expressions  give  the 
coordinates  of  £,  and  are  the  ftmdamental  equations  upon 
which  all  applications  should  be  based,  without  any  need  for  the 
sequence  operator  S, 

Incidentally,  I  believe  that  the  expression  "symmetrical 
components"  is  a  more  correct  and  descriptive  term  of  the 
method  than  the  term  ''symmetrical  coordinates*',  and  I  should 
like  to  see  it  so  changed  while  it  is  not  too  late. 

I  also  suggest  that  the  term  ''mutual  reactance"  be  used 
throughout  the  paper  in  place  of  the  "mutual  impedance".  The 
latter  term  implies  a  combined  resistance  and  inductance  action, 
while  the  formulas  in  the  paper  seem  to  refer  to  the  magnetic 
inductive  action  exclusively.  If  the  resistance  component  is 
intended  to  be  taken  into  account,  a  mathematical  definition  of 
the  mutual  impedance  becomes  necessary,  because  two  coils  are 
presupposed  to  have  different  resistances,  and  it  is  not  clear  how 
these  resistances  enter  into  the  expression  for  mutual  impedance. 

It  may  also  be  mentioned  here  that  there  are  cases  of  tmsym- 
metrical  polyphase  connections  which  can  be  solved  more 
readily  without  resolving  the  given  electrical  quantities  into 
their  symmetrical  components.  Several  such  cases  are  con- 
sidered in  the  present  writer's  work  entitled  "Ueber  Mehr- 
phasige  Stromsysteme  bei  Ungleichmaessiger  Belastung  (Enke, 
Stuttgart,  1900).  For  example,  in  the  solution  of  any  arbitrary 
»-phase  star-connected  system  with  given  voltages  E  and  phase 
admittances  F,  it  is  convenient  to  take  the  voltage  e  between 
the  two  neutral  points  as  the  independent  variable.  Then,  for 
each  phase  the  current  /=  F(£—  e),  and  according  to  the 
first  Kirdihoff  law 

2  7=  2  F  (£  «  e)  =  0, 
so  that 

e-  (Z  YE)  /Z  F. 
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Knowing  e,  the  currents  in  the  individual  phases  are  computed 
from  the  first  equation.  In  the  most  general  case  of  a  compli- 
cated network  with  a-c.  voltages  inserted  at  different  places,  the 
Kirchhoff  equations  of  two  kinds,  written  for  the  vectors  of 
currents  and  voltages,  fiunish  a  complete  solution,  and  one  has 
to  consider  in  individual  applications  whether  or  not  the  resolu- 
tion into  symmetrical  components  is-desirable  or  not. 

A.  M.  Dudley:  Attention  has  been  called  to  the  practical 
applications  of  this  solution,  and  one  or  two  may  be  mentioned 
here.  It  has  been  long  known  that  in  the  ordinary  induction 
motor  in  addition  to  the  main  rotating  working  field  there  may 
exist  several  other  fields  of  different  amplitude  and  frequency 
and  phase  rotation  and  that  the  existence  of  such  fields  is  prob- 
ably responsible  for  the  operating  freaks  sometimes  noticed  in 
motors.  For  example,  a  motor  is  sometimes  fotmd  which  will 
not  reverse  its  mechanical  direction  of  rotation  when  running 
light  even  though  the  leads  be  reversed  so  as  to  give  the  opposite 
direction  of  phase  rotation;  or,  a  two-phase  motor  will  be 
foimd  which  when  nmning  light  takes  power  from  the  line  on 
one  phase  and  returns  power  to  the  line  on  the  other,  or  a, 
squirrel-cage  motor  will  start  from  rest  with  considerably  more 
torque  than  it  is  capable  of  accelerating  up  to  full  speed  so  that 
it  apparently  has  a  so-called  sub-synchronous  speed.  These  are 
actual  practical  operating  conditions  often  mentioned  but  never 
determined  quantitatively.  Mr.  Fortescue*s  analysis  offers  the 
means  of  such  quantitative  study. 

As  a  further  practical  instance  may  be  mentioned  the  two 
cases  of  single-phase  connections  referred  to  in  the  analysis  of 
equations  (141),  (142)  and  (160),  one  of  which  is  equivalent  to 
two  coupled  polyphase  motors  connected  in  parallel  and  the 
other  to  two  coupled  polyphase  motors  connected  in  series. 
This  was  fully  discussed  from  another  view  point  in  Mr.  Lamme's 
April  paper  before  the  Institute  and  the  identity  of  the  two 
conclusions  is  a  check  on  Mr.  Fortescue's  method. 

To  those  who  have  expressed  the  idea  that  the  paper  is  hard 
to  read  I  would  commend  Dr.  Slepian's  discussion  also  printed 
herewith  as  illuminating  both  to  the  method  and  the  results. 
He  makes  the  suggestion  that  the  method  as  outlined  may  con- 
stitute the  basis  of  a  new  complex  polyphase  algebra  which  will 
greatly  simplify  the  study  of  polyphase  network  problems  of  all 
kinds. 

Dr.  Steinmetz  and  Prof.  Karapetoff  have  told  us  that  as  a 
mathematical  achievement  and  as  a  demonstration  of  theory 
this  paper  is  a  masterpiece.  I  should  like  to  venture  the  predic- 
tion that  as  a  practical  working  tool  it  will  eventually  come  into 
the  greatest  usefulness. 

Let  us  then  pay  our  respects  to  Mr.  Fortescue  both  as  a  great 
mathematician  and  as  a  scientist  and  also  as  the  developer  of  a 
practical  tool  which  shall  make  easier  the  daily  task  of  the  engi- 
neer in  the  ranks. 
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Charles  P.  Scott:  Mathematics  and  engineering  have  their 
varying  conditions,  and  they  have  their  supporters  and  their 
critics.  To  a  certain  class  of  engineers  the  mathematician  is  an 
abstract  man  who  starts  somewhere  and  finds  something  that 
can  lead  to  consecutive  conclusions.  On  the  other  h^d,  a 
practical  man,  using  that  term  in  the  extreme,  is  apt  to  rely 
wholly  on  experience  and  to  have  no  use  for  the  mathematics 
he  does  not  understand.  We  all  know  that  the  really  valuable 
position  is  the  mean  between  these  two,  in  which  the  theoretical 
and  the  practical  do  go  together. 

The  r^erence  to  papers  of  a  mathematical  and  explanatory 
character,  and  their  relations  to  engineering  reminded  me  some- 
how of  the  first  Institute  paper  I  came  in  contact  with.  It  was 
through  the  pages  of  the  Electrical  World,  I  had  been  experi- 
menting with  alternating  currents  and  was  associated  with  men 
who  knew  only  slightly  more  about  it  than  I  did.  Many  things 
seemed  mysterious.  Then  the  paper  by  Mr.  William  Stanley 
on  "Alternating-Current  Phenomena,"  appeared,  and  that 
mysterious  thing  which  was  the  stumbling  block  of  about 
everybody  who  came  up  against  alternating-current,  the  simple 
single-phase  phenomenon  of  current  and  voltage  out  of  phailse, 
was  cleared  up.  Mr.  Stanley  drew  some  triangles  and  explained 
a  few  things.  That  put  me  on  a  new  basis.  I  could  see  how  the 
mathematical  explanation,  the  physical  phenomena,  were 
related,  and  it  gave  me  a  real  tmderstanding  of  the  alternating 
current.  A  little  later  came  the  polyphase,  and  it  was  a  step 
from  that  to  the  work  on  the  unbalanced  polyphase  system. 

As  we  advance  then,  getting  into  more  and  more  complicated 
problems,  these  papers  of  solution  and  explanation  come  to 
guide  the  engineer  in  his  work. 

What  is  this  paper?  When  you  look  at  a  paper  of  this  soft  it 
looks  as  if  a  mathematician  had  produced  it,  leading  on  and  on 
to  interesting  formulas,  one  after  another.  Now,  to  bring  out 
my  point,  I  want  to  emphasize  and  say  I  do  not  think  this  is  a 
product  of  the  mathematician,  but  of  the  engineer.  Mr. 
Fortescue  did  not  work  these  things  out  from  the  theoretical, 
mathematical  standpoint,  but  as  an  engineer  who  was  confronted 
with  problems  in  which  unbalanced  polyphase  systems  were 
concerned.  It  may  have  been  transmission  or  some  kind  of 
particular  machinery  which  involved  problems  which  he  did 
not  have  the  proper  tools  to  solve. 

Therefore,  in  studying  the  problems  and  seeing  the  inade- 
quacy of  the  mathematical  tools  at  hand,  he  went  to  work  and 
constructed  tools  to  perform  that  work.  Mr.  Fortescue  has 
done  just  as  some  other  engineers  do,  who  work  first  with  experi- 
ments, then  go  to  mathematics,  and  then  back  to  the  experiments. 
That  combination  of  first  theory  and  then  practise,  back  and 
forth,  constitutes  the  work  of  the  engineer  who  can  be  con- 
structive and  do  pioneer  work.  I  think  I  am  right  in  sa3dng 
that  this  is  not  a  paper  of  a  theoretical  mathematician,  but  a 
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paper  of  a  practical  engineer,  who  is  developing  a  new  tool  for 
himself  and  offering  it  to  others. 

C.  O.  Maillouz:  This  is  the  second  great  paper  which  Mr. 
Fortescue  has  presented  before  this  Institute.  Much  that  I  had 
to  say  in  the  way  of  friendly  criticism  has  already  been  antici- 
pated by  Prof.  ICarapetoff .  I  sympathize  with  Prof.  Karapetoff 's 
views,  and  I  share  them,  in  regard  to  the  possibilities  of  simpli- 
fication of  this  paper.  I  thank  Mr.  Fortescue  and  many  other 
members  of  the  Institute  will  also  thank  him,  for  having  given 
an  introduction  to  the  paper,  because  that  introduction  is  really 
the  mathematical  specifications  in  accordance  with  which  the 
paper  has  been  prepared;  and  to  me  it  was  more  valuable,  as  a 
criterion  of  the  value  of  the  paper,  than  the  paper  itself,  because 
the  paper  itself  cannot  be  read  offhand.  The  bewildering  exhibit 
of  subscripts  to  be  foimd  in  it  is  something  that  will,  well,  make 
one  pause;  but  the  introduction,  to  any  one  who  is  at  all  familiar 
with  mathematics,  tells  exactly  the  basis  on  which  the  paper  is 
written,  what  it  aims  to  do,  and  substantially  the  method  by 
which  it  accomplished  its  aim.  I  am  very  thankful,  indeed, 
personally,  that  that  was  done. 

Part  I  is  also  very  useful,  but  if  it  had  followed  the  method  of 
presentation  suggested  by  Prof.  Karapetoff ,  it  would  have  been 
much  simplified.  The  paper  is  so  valuable,  that  it  would  be 
well  worth  while  to  rewrite  it  for  the  purpose  of  making  it  more 
easily  digestible  and  more  easily  accessible  to  the  great  body  of 
practical  men.  It  appears  to  have  been  written  too  much  from 
the  point  of  view  of  the  professed  mathematician,  who  seeks 
first  to  make  a  generalization,  and  then  proceeds  to  experimenta- 
tion to  find  practical  and  special  cases.  It  would  have  been  a 
better  arrangement  if  that  generalization  had  been  put  in  an 
appendix,  and  if  the  statement  had  been  made  that  from  the 
general  case  is  derived  the  particular  case  which  interests  us, 
namely,  the  case  of  the  three-phase  current.  I  think  that  to 
discuss  n-phases  is  of  academic  interest  only  at  present,  even 
though  it  is  possible  that  there  may  be  some  day  when  it  will  be 
of  practical  importance.  Until  that  seemingly  renxote  day  comes, 
a  generahzation  which  includes  n-phases  might  as  well  lie  in  an 
appendix,  out  of  harm's  way,  and  especially  where  it  would  not 
encumber  the  rest  of  the  discussion.  If  Mr.  Fortescue  had 
written  the  paper  by  putting  into  the  appendix,  the  generaliza- 
tion, the  thing  which  makes  it  complete  and  comprehensive,  he 
would  have  simplified  it  and  made  it  more  useful. 

It  is  because  I  think  so  highly  of  the  paper,  I  would  like  to 
see  it  made  clearer.  It  is  not  a  difficult  paper,  the  mathematics 
are  simple,  but  they  look  complex,  because  one  is  bewildered  by 
a  maze  of  subscripts  and  by  many  "operators."  The  fundamen- 
tal idea  of  the  operator  is  a  splendid  one,  but  it  is  just  as  well  to 
put  that  explanation  in  an  appendix,  in  all  its  generality,  and 
then  use  it  in  the  simple  form  that  Prof.  Karapetoff  suggests. 
Those  who  deal  with  the  matter  practically,  would  not  then 
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have  so  many  equations  to  analyze  and  not  so  many  s)anbols  to 
deal  with. 

The  analysis  of  the  actions  and  reactions  of  the  various  forces 
present  in  electrical  circuits,  and  the  interpretation  of  the 
equations  devised  for  expressing  these  actions  and  reactions, 
under  different  conditions,  whether  they  occur  in  balanced  or  in 
unbalanced  systems,  may  be  facilitated  by  remembering  that 
all  physical  forces  and  all  forms  of  energy  are  subject  to  the  same 
general  principles  of  conservation  and  equilibrium,  and,  espe- 
cially, that  Newton's  principle  of  dynamic  equilibrium, — ^namely, 
that  under  all  conditions  and  at  all  times,  action  and  reaction 
are  opposed  and  equal  to  each  other,  exactly — ,  applies  to 
electrical,  as  well  as  to  mechanical,  forces,  powers,  and  energies. 

Analogy  requires  that,  in  any  electrical  circuit,  at  any  instant 
of  time  whatever,  the  forces  of  action  and  those  of  reaction  should 
always  be  opposing  and  balancing  each  other  exactly,  just  as 
they  do  in  mechanical  systems;  and  it  is  known  that  they  always 
do  balance  exactly.  Analogy  also  requires  that,  for  electrical 
circuits,  when  dealing  with  instantaneous  values,  the  equations 
of  electrodynamic  equilibritmi  should  have  the  same  general 
characteristics  as  the  general  equation  of  dynamic  equilibrium 
or  balance  for  mechanical  forces.  The  latter,  it  is  well  known, 
reduces  to  an  algebraical  sum  of  four  terms,  representing  four 
distinct  kinds  or  amounts  of  force,  or  power,  or  energy,  according 
to  the  case,  whose  resultant,  when  a  state  of  equilibrium  occurs, 
is  equal  to  zero. 

The  four  kinds  or  amounts  of  force,  power,  or  energy,  in  terms 
of  which  every  dynamic  reaction  whatever,  in  mechanics,  can 
be  completely  expressed,  find  exact  parallels  in  electrodynamics. 
Here,  also,  we  find  foiu*  kinds  of  force,  power,  or  energy ;  we  have 
reversible  forces  of  two  kinds,  corresponding  to  those  which,  in 
mechanics,  produce  or  result  from  changes  in  kinetic  energy,  or 
changes  in  potential  energy;  we  have  the  dissipated  force,  which 
is  expended  in  overcoming  ohmic  resistance,  corresponding  to 
the  force  lost  in  overcoming  friction  in  mechanics,  and  we  have, 
for  the  fourth  kind,  the  force,  power,  or  energy  representing  the 
balancing  actions  or  reactions  which  are  necessary  to  maintain 
the  equilibrium  that  must  exist  at  every  instant  of  time  between 
action  and  reaction.  The  first  two  kinds  represent  energy  which 
is  not  immediately  dissipated  but  is  displaced  and  stored  in  the 
system;  the  third  kind  represents  energy  which  is  immediately 
consumed  in  the  system;  and  the  fotirth  kind  represents  energy 
which  is  put  into  the  system  from  an  outside  source,  or  else 
which  is  taken  out  of  the  system  by  overflow  into  another  system 
or  circuit,  as  may  be  required  to  maintain  equilibrium. 

These  considerations  show  that  even  in  an  unbalanced  elec- 
trical system,  so-called,  there  must  still  be  dynamic  balance  or 
equilibrium.  The  balancing  force,  power,  or  energy,  according  to 
the  case,  appears  in  the  fotirth  term,  where  it  represents  the 
compensating  force,  power,  or  energy  by  which  equilibrium  is 
maintained. 
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Charles  L.  Fortescue:  I  maintain  that  the  paper  is  quite 
simple.  The  mathematical  portion  is  not  difficult  to  under- 
stand, anybody  can  follow  it  if  he  takes  the  pains.  I  admit  that 
the  appearance  of  the  equations  is  cumbersome,  but  that  is  almost 
impossible  to  overcome.  The  nature  of  the  subject  makes  the 
equations  ctmibersome. 

Prof.  KarapetoflF  in  his  discussion  used  the  word  "stimulation". 
I  wish  to  say  that  necessarily  in  a  paper  of  this  kind  there  are 
many  sources  of  stimulation,  as  I  pointed  out  in  my  introduc- 
tion, many  of  the  ideas  are  not  new.  The  idea  of  symmetrical 
component  three-phase  systems  is  being  used  more  or  less  by 
others,  but  the  theory  has  never  been  presented  systematically, 
and  I  think  the  idea  of  sjrmmetrical  operators  is  new. 

Dr.  Steinmetz's  and  Prof.  Karapetoff's  discussions  are  what 
I  may  term  conjugate  discussions.  Dr.  Steinmetz  discusses  the 
paper  purely  from  the  practical  point  of  view.  He  thinks  that 
the  system  is  capable  of  practical  application,  and  will  be  of 
great  use  for  that  purpose.  Dr.  Karapetoff  points  out  the  pos- 
sibility, from  a  theoretical  point  of  view,  of  the  n-phase  system. 
I  wish  to  say  nothing  would  have  given  me  greater  pleasure  than 
to  go  into  that  purely  theoretical  matter  much  more  extensively. 
It  is  very  fascinating  and  has  great  promise,  but  I  felt  that  there 
was  needed,  in  this  paper,  some  practical  justification  for  present- 
ing it.  The  theoretical  part  was  so  long  drawn  out,  that  I  felt 
it  was  necessary  to  show  by  practical  illustrations  why  I  presented 
it. 

I  felt  that  the  presentation  of  mathematical  solutions  did  not 
alone  afford  a  justification  for  the  paper,  but  that  there  must 
also  be  a  good  practical  reason  for  it,  and  I  felt  if  I  went  into 
all  the  theoretical  ramifications  of  this  very  interesting  subject 
people  would  ask:  '*What  is  he  about?  What  does  he  mean  by 
driving  us  through  all  this  painful  stuff  without  giving  us  a 
good  reason?"  So  I  thought  that  the  presentation  of  the  theory 
should  be  as  concise  and  short  as  possible,  and  for  that  reason 
I  left  out  a  good  deal  of  explanation  that  some  people  think 
ought  to  be  there. 

Prof.  Karapetoff  has  apparently  lost  sight  of  the  fact  that 

unless  his  arbitrary  vectors  are  all  equal  to  — '-^-^ — - 

they  in  turn  may  be  resolved  into  (»  —  1)  symmetrical  systems 
and  the  "residue"  will  eventually  reduce  to  the  same  value  as 
that  given  by  me,  namely  n  equal  vectors  of  value 

n 

The  form  in  which  the  theorem  is  presented  does  not  preclude 
the  adoption  of  any  artifice  such  as  the  subtraction  of  n  arbitrary 
vectors  to  make  the  vector  stun  equal  to  zero,  when  any  material 
advantage  is  gained  thereby.     Such  an  artifice,  in  fact,  is  gener- 
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ally  adopted  in  the  case  of  Y-connected  circuits  where  the  vector 
stun  is  rarely  zero  on  account  of  the  presence  of  the  third  har- 
monic. Furthermore,  in  any  synunetrical  system  there  is  a 
definite  impedance  to  each  component  symmetrical  current 
including  the  ''residue*'  as  Prof.  Karapetoff  has  termed  the 
constant  vector,  this  is  not  true  if  an  arbitrary  "residue**  is 
adopted. 

Prof.  Karapetoff  brings  up  another  point,  the  use  of  sequence 
symbols.  In  three-phase  systems,  once  a  person  has  becoxpe 
familiar  with  the  use  of  this  method,  it  becomes  quite  a  natural 
system.  He  thinks  quite  naturally  in  terms  of  symmetrical 
components,  and  he  usually  omits  the  use  of  the  symbols.  In 
other  words,  the  symbols  are  not  absolutely  necessary,  but  they 
simply  afford  a  siu-e  method  of  keeping  track  of  the  mechanical 
part  of  the  mathematical  work.  If  one  makes  a  mistake  in 
carrying  out  the  mathematical  work,  one  can  always  go  back  to 
the  sequence  symbols  and  check  it  up.  If  a  quantity  looks 
imsymmetrical,  and  a  mechanical  error  is  suspected,  one  can 
always  follow  it  out  with  the  sequence  symbols  and  be  sure  of 
getting  the  correct  result.  Furthermore,  in  dealing  with  a 
system  of  more  than  three  phases,  the  sequence  operator  be- 
comes important,  because  there  are  so  many  cross  mutual 
inductances  that  the  formulas  become  very  much  involved,  and 
it  is  necessary  to  have  some  reliable  mechanical  device  that 
will  keep  one  in  the  right  path ;  the  sequence  operators  are  such 
guides.  They  are  almost  indispensable  when  dealing  with 
power  both  in  three-phase  and  n-phase  systems.  Those  are  the 
principal  reasons  for  their  use. 

Prof.  Karapetoff  brings  up  the  question — ^What  is  the  "mutual 
impedance?**  I  have  not  used  the  term  perhaps  quite  correctly 
as  I  have  applied  it  to  cases  in  which  the  dissipative  forces  are 
not  strictly  proportional  to  the  velocities  or  currents.  Mutual 
impedance  may  be  defined  in  this  manner:  If  we  have  two  ter- 
minals of  a  circuit  carrying  a  given  current,  and  two  other 
terminals  of  another  circuit,  the  electromotive  force  produced 
across  the  second  pair  of  terminals,  given  a  sine-wave  current  of  a 
given  frequency  is,  the  product  of  the  mutual  impedance  between 
the  two  circuits  and  the  current  in  the  first  pair  of  terminals. 
In  some  cases  the  current  follows  paths  common  to  both  circuits, 
so  that  the  mutual  impedance  may  have  a  real  component;  in 
other  cases  the  energy  component  may  be  due  to  eddy  currents 
or  losses  in  subsidiary  circuits  common  to  both. 

Mr.  Dudley  has  pointed  out  that  the  practical  engineer  must 
always  keep  track  of  the  theoretical  side  of  his  work.  The 
object  of  all  mathematical  investigation  and  theory  should  be 
to  carry  our  knowledge  of  operating  conditions  further,  and  to 
investigate  such  obscure  phenomena  as  arise  from  time  to  time. 
Very  often  we  find  that  a  new  tool  has  to  be  devised  in  order  to 
enable  us  to  carry  out  our  theoretical  investigations  without 
becoming  involved  in  too  great  complication. 
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I  feel  that  a  paper  presented  before  a  scientific  body  that 
cannot  be  read  by  every  member  is  hardly  justified.  I  believe 
that  all  can  follow  this  paper  if  they  sincerely  try  to  do  so,  it 
may  take  a  little  time,  but  the  mathematics  is  not  difficultt. 

V.  Elaiapetoff  (by  letter) :  In  my  Theorem  2,  p2,  Pi  etc.  are 
arbitrary  vectors  such  that  S  p  =  i?,  where  R  is  the  total  residue 
of  the  given  system  of  vectors.  Each  p  maybe  resolved  geometri- 
>cally  into  a  vector  R/n,  in  phase  with  total  R,  and  another  vector, 
say  p,  so  that  p  ==  p  +  (R/n).  Hence  2  p  +  (R/n)  =  R,  or 
S  p'  =  0.  Thus,  the  system  of  vectors  is  without  residue  and 
consequently  may  be  resolved  into  (n  —  1)  symmetrical  systems. 
The  system  of  n  vectors  each  equal  to  R/n^  in  phase  with  total  R^ 
is  an  irreducible  residue. 

When  it  is  desired  to  sift  out  all  the  symmetrical  components 
from  the  given  vectors,  the  form  R/n  for  the  residue  should  be 
used.  However,  there  may  be  conceivable  cases  in  which  there 
might  be  some  advantage  in  splitting  the  residue  into  certain 
unequal  or  unsymmetrical  parts,  without  attempting  to  extract 
all  of  its  symmetrical  components.  For  this  reason,  Theorem  2 
is  stated  in  the  most  general  form.  I  am  glad  to  have  my 
attention  called  to  the  fact  that  only  in  the  case  where  each  p  is 
equal  to  R/n,  we  have  the  true  or  the  irreducible  residue. 
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SUSTAINED  SHORT-CIRCUIT  PHENOMENA  AND  FLUX 
DISTRIBUTION  OF  SALIENT-POLE  ALTERNATORS 


BY   N.    S.    DIAMANT 

Abstract  of  Paper 

It  is  shown  in  Section  IV  that  with  the  ordinary  field  forms 
met  with  in  practise,  the  resultant  flux  wave  under  s.  s.  c.  (sus- 
tained short  circuits)  will  be  extremelv  distorted,  see  Figs.  16,  (4th 
wave)  23,  27,  27a,  etc.,  for  the  simple  reason  that  with  the  very 
low  voltages  obtained  under  such  conditions,  the  fundamental 
of  the  B-curve  of  the  field  is  reduced  so  much  by  the  armature 
reaction  that  the  higher  harmonics  assume  a  very  predominant 
rdle  and  become  several  hundred  per  cent  of  the  s.s.c.  fundamen- 
tal.    See  Fig   26  and  Tables  XI,  XII,  and  XIII. 

As  a  corollary  to  the  foregoing  it  is  found  that  the  B-curve 
under  load  will  not  differ  xadicaily  from  the  no-load  field  form 
since  the  fundamental  will  remain  large  enough  to  hold  its  own. 
See  Fig.  22  and  also  footnote  (4).  The  cross  magnetizing  effect 
of  the  armature  reaction  is,  of  course,  to  make  the  B-curve  unsym- 
metrical  with  respect  to  the  mid- pole  axis.  Compare  Figs.  7  and 
22. 

The  magnetic  oscillations  are  studied  not  only  by  means  of  full- 
pitch  stator  coils  but  also  by  means  of  rotor  coils  No.  7  and  8, 
Pig.  3,  and  stator  coils  No.  9, 10,  11, 12, 15,  and  16,  Figs.  3  and  3a. 

Attention  is  called  to  the  following  facts  for  which  explana- 
tions and  theoretical  proofs  are  offered. 

(1)  Tke  ripples  at  the  crest  of  the  e,  m,  f.  waves  of  the  stator  coils 
are  due  not  so  much  to  the  fiux  pulsations  as  to  (a),  the  to-and- 
fro  flux  swing  across  the  pole,  and  (b)  the  cutting  of  a  B-curve 
similar  to  wave  (b),  Fig.  6.  See  equations  22,  and  23;  also  Table 
I  and  Note  A,  at  the  end.  Compare  Figs.  7  and  2nd  wave  Pig. 
4. 

(2)  The  most  important  oscillations  set  up  by  the  armature  re- 
action  are  4  and  6  times  machine  frequency  for  two-  and  three-phase 
machines  respectively.  See  supplementary  Notes  B  and  C;  also 
Pigs  8a,  8b  wave  lengths  marked  B  and  Z),  and  Fig.  5,  wave 
length   marked  B,   and  Table  I. 

(3)  Eccentric  rotor  sets  up  pulsations  once  in  every  revolution, 
under  load  or  at  no-load,  but  none  under  s.s.c.  See  Fig.  4, 2nd 
wave.  Fig.  6  wave  length  marked  ^4,  and  Pifs.  8a,  8b,  and  8c. 
Also  see  Table  I,  column  4.  For  a  tentative  explanation  see 
p  1183. 

(4)  The  e.  m.  fs.  and  fluxes  for  coils  No.  10  at  the  top  of  a  tooth 
are  very  much  larger  than  the  e.  m.  fs.  and  fluxes  for  coil  No.  9, 
at  the  top  of  a  wedge.  See  Tables  II  and  III;  also  Figs.  10,  11, 
12. 

(5)  The  spacing  of  the  ripples  of  the  no-load  e.  m.  fs,  is  unequal, 
contrary  to  theory.  See  Pigi  13  and  Table  IV.  Also  equa- 
tions (22)  and  (23)  p.  1195. 

(6)  The  e,  m,fs.  and  fluxes  for  search  coil  No.  5,  at  the  bottom 
of  the  slot,  are  larger  than  the  e.  m.  fs.  and  fluxes  for  the  coil 
No.  1  at  the  top  of  the  slot.  See  Pig.  7  and  Tables  V,  VI,  and  XV. 

(7)  The  thtrd  harmonic  e.  m.  fs,  of  the  stator  search  coils  in- 
crease with  the  increasing  excitation.     See  Table  IX. 

1141 
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(8)  Under  s .  sx.  there  is  present  some  cross-mafnetizing  arma- 
ture reaction  which  (a),  makes  crests  1  and  3  Pig.  27,  unequal. 
See  Table  XV.  (b),  it  shifts  the  axis  of  the  flux  towards  the  lar- 
ger crest,  Figs.  23,  27,  etc.,  and  thus  makes  angle  B,  Pig.  27*  less 
than  (1/2)  A,  See  Table  XIV. 

(9)  The  agreement  between  the  armature  reaction  obtained  by 
subtracting  er  from  e/o,  (see  Pigs.  24,  25,  31  and  Pigs.  16,  27, 
etc.)  and  that  obtained  by  subtracting  the  equation  of  the  s.  s.  c. 
waves  as  given  in  Tables  XI  and  XII,  from  corresponding 
open-circuit  e.  m.  f.  equations  as  fiven  in  Tables  VII  and  VIII, 
is  fairly  satisfactory.     See  last  column  of  Table  XIII. 

(10)  The  direct  component  of  the  armature  reaction  of  an  imper- 
fect two-phase  machine  consists  of  (a)  a  regular  demagnetizing  com- 
ponent, plus  (b),  a  transverse  or  cross  magnetizing  component 
m  quadrature  to  (a).  See  equations  56,  59,  etc. 

(11)  The  analysis  of  the  no-load  field  form  gives  the  3rd,  5th, 
and  7th  harmonics  as  5  to  15  per  cent  but  the  (2^  ^1)  ths  seem 
to  be  smcjl. 

(12)  The  armature  current  under  s,s,c,  is  very  nearly  sinusoidal. 
See  Figs.  15  and  16.  Also  Table  X.  The  H-curve  of  arma- 
ture reaction  set  up  by  such  a  current  will  be  sinusoidal,  see  equa- 
tions 32,  33,  etc.  and  succeeding  two  paragraphs.  The  B-curve, 
however,  will  not  be  sinusoidal  for  lack  of  constancy  and  uni- 
formity of  the  permeability  at  different  points  of  the  magnetic 
circuit,  and  on  account  of  saturation.     See  sections  III  and  IV. 


I.  Introduction 

IN  A  paper  dealing  with  the  sudden  short  circtiits  of  alternators, 
presented  at  the  Panama-Pacific  Convention,  in  passing, 
the  author  called  attention  to  the  following^:  First,  that  the 
voltages  induced  in  full-pitch  stator  exploring  coils  under  sudden 
short  cii-cuits  **are  not  of  as  simple  a  form  as  theory  would  indi- 
cate." Second,  that  the  flux  distribution  within  about  one  or 
two  cycles,  after  the  short  circuit  takes  the  general  shape  which 
it  has  under  steady  or  sustained  short  circuit.  The  e.m.fs. 
induced  in  exploring  coils  placed  at  the  top,  middle  and  bottom 
of  different  slots,  all,  very  shortly  after  the  sudden  short  circuit, 
assume  a  very  distorted  wave  form  which  persists  for  the  whole 
length  of  the  film,  i.e.,  about  10  or  15  cycles.  The  above  are 
clearly  seen  from  Pigs.  1  and  2*  which  represent  the  two  extreme 
cases  of  symmetrical  and  totally  unsymmetrical  armature 
currents. 

The  ordinary  theories  of  armature  reaction  or  of  short-circuit 
impedance  tests,  would  hardly  lead  one  to  expect  results  which 
these  oscillograms  seem  to  indicate.  A  number  of  valuable 
investigations  on  the  flux  distribution'  at  various  loads  and  power 

1.  Trans.,  A.  I.  E.  E.,  1915.     Vol.  34,  part  H,  p.  2269. 

2.  See  Table  III,  p.  2265. 

3.  Journal,  I.  E.  £.,  Vol.  37,  p.  148.  G.  W.  WorraU  and  P.  T,  W<ai 
See  Pigs.  2  to  7  inclusive. 
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factors  have  given  restilts  quite  consistent  with  those  deduced 
from  the  usual  theory.  The  flux  distribution  was  in  no  case 
sinusoidal,  to  be  sure,  but  it  never  deviated  greatly  from  the 
no-load  field  form  usually  met  with  in  practise.    This  is  clearly 


A^^¥/^A 


WW 


Pig.  1 

Otcillogram  No.  101.  Table  111.  footnote  (2).  Machine  Mriee  Y-connected  and  aud- 
denly  ahort-circuited  at  ita  terminals.  Field  excitation  -6.1  amperes.  Speed  -•  1200 
rev.  per  min.  First  wave:  £it  *  e.m.f.  induced  in  coil  No.  1,  at  top  of  slot.  Second 
wave:  armature  current.  Third  wave:  phase  voltage.  Second  straight  line:  cali- 
bration for  second  wave  -■  293  amperes. 

brought  out  in  a  series  of  interesting  oscillograms  given  by 
W.  J.  Poster.* 

In  view  of  the  above  and  the  entire  lack  of  reliable  data,  as 
to  the  detailed  analysis  of  sustained  short-circuit  (s.s.c.)  phe- 
nomena, the  writer  could  make  no  more  definite  statement  in 
the  paper  referred  to,  than,  that  '*it  would  seem  that  a  good  way 


Pig.  2 

Oscillogram  No.  102.  Table  III,  footnote  (2).  Machine  series  Y  connected  and  sud- 
denly short-circuited  at  its  terminals.  Field  excitation  -■  5.05  amperes.  Normal  speed. 
First  wave:  £|M  •■e.m.f.  induced  in  full-pitch  coil  No.  3  at  middle  of  slot.  Second  wave: 
armature  current.  Third  wave:  phase  voltage.  Second  straight  line:  calibration  for 
second  wave  «  297  amperes. 

to  study  sudden  short  circuits  was  to  begin  by  studying  s.s.c. 
in  detail.  Although  a  great  deal  of  work  has  been  done  on 
s.s.c.  it  is  believed  that  so  far  little  or  no  attention  has  been 
given  to  the  question  of  flux  distribution  under  such  conditions." 


4.  Trans.,  A.  I.  E.  E.,  Part  I,  1913,  p.  749. 
38,  40,  48,  etc. 


See  Curves  31,  34,  37, 
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In  the  following  pages  an  attempt  is  made  to  show  that  all 
the  complicated  phenomena  of  s.s.c.  can  be  explained  by  taking 
proper  account  of  certain  details  and  secondary  effects.  At 
the  end  a  critical  restmi6  and  discussion  of  results  is  given  which 
will  enable  the  reader  to  obtain  some  of  the  principal  results 
of  the  investigation  without  studying  the  paper  in  detail. 

II.  Data  Relating  to  the  Machine,  Exploring  Coils,  etc. 

The  machine  used  for  the  tests  is  a  standard  three-phase, 

six-pole,  revolving  field  alternator  rated  at  45  kv-a.,  480  volts. 


CoflNa? 
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ooden  Wed«>'»>"^.No.  U ^Cofl  No.  12 


Coil  No.  10 
Coa  No.  9    .CoQ  No.  lejCoil  No  16 


Coal  No. 
Coil  No. 
CoU  No. 
Coil  No. 
CoU  No. 
CoU  No. 
single  turn. 
CoU  No. 
CoUNo. 
Coil  No. 
Coil  No. 


Pole  Arc  Coven  7  52 

TootltPitdMs 

T 


E  a  Coil  No.  7 
Ca  ConNo.8 


Pig.  3 

7:  40  Full  pitch  concentrated  turns. 

8:  20  Concentrated  turns. 

9:  5  Concentrated  turns. 

10:  5  Concentrated  turns. 

11:  5  Concentrated  turns. 

12:  2  Concentrated  turns,  one  on  top  of  other  thus  having  efifective  pitch  of 

13:  Single  conductor  on  top  of  wedge. 

14:  Single  conductor  on  top  of  tooth. 

16:  Single  turn  around  tooth. 

16:  Single  turn  around  slot. 


(278  across  phase).     It  has  an  amortisseur  winding  and  is  equip- 
ped with  a  set  of  search  coils  as  follows: 

Coil  No.  1.     Full-pitch,   5  concentrated  turns  at  top  of  slot, 

right  under  wooden  wedge. 
Coil  No.  2.    Same  as  No.  1,  except  that  it  is  f  pitch. 
Coil  No.  3.     Similar  to  No.  1,  but  placed  at  the  middle  of  the 

slot. 
Coil  No.  4.     Same  as  No.  3,  except  that  it  is  f  pitch. 
Coil  No.  5.    Similar  to  No.  1  but  placed  at  the  bottom  of  the 

slot. 
Coil  No.  6.    Same  as  No.  6  except  that  it  is  |  pitch. 
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These  coils  were  placed  in  different  slots.  The  other  search 
coils  are  schematically  shown  and  described  in  Figs.  3  and  3a. 
The  armature  winding  is  of  the  ordinary  double-layer  type  with 
a  i  pitch,  and  it  has  two  circuits  which  may  be  connected  either 
in  parallel  or  in  series. 

In  connection  with  the  coils  most  commonly  employed  the 
following  notation  will  be  used: 

*£iT       =  e.m.f.    induced  in  coil  No.  1.     (Subscripts:  No.  1  top 

of  slot.) 
*£aM       =  e.m.f.  induced  in  coil  No.  3.     (Subscripts:     No.  3 

middle  of  slot.) 
*£6b       =  e.m.f.  induced  in  coil  No.  5.     (Subscripts:     No.  5 

bottom  of  slot.) 
*£«,       =  e.m.f.  induced  in  coil   No.  7,      (Subscripts:    Rotor 

full-pitch  coil.) 

Section  through 
DETAIL  SKiTTCH    (fff[ii]]]Coib No^9»d_No.  10 
OP  COILS  NO.  9 
AND  NO.  10 

2.6  Electrical  Degreei(anm».)-Gqnhrakiit  Pitch 

Fig.  3a 


*£»c       =  e.m.f.  induced  in  coil  No.  8.     (Subscripts:     Rotor 
concentrated  coil.) 

*Etw       =  e.m.f.  induced  in  coil  No.  9.     (Subscripts:    Coil  at 
top  of  wedge.) 

*Ett        =  e.m.f.  induced  in  coil  No.  10.     (Subscripts:    Coil  at 
top  of  tooth.) 

*£at       =  e.m.f.   induced  in  coil   No.    11.     (Subscripts:    Coil 
around  tooth.) 

*£tt2      =  e.m.f.  induced  in  coil  No.  12.     (Subscripts:    2  turns 
on  top  of  tooth.) 

*£cTs      =  e.m.f.  induced  in  coil  No.  13.     (Subscripts:    Con- 
ductor on  top  of  slot.) 

*-EcTT      *=  e.m.f.  induced  in  coil  No.  14.     (Subscripts:    Con- 
ductor on  top  of  tooth.) 

B  =  Flux  density  as  further  specified  by  its  subscript. 

/  =  (actual)  machine-frequency    in    cycles    per    second 

=  r.p.s.  X  p, 
*A11  under  conditions  to  be  specified. 
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k  =  Order  of  space  harmonic.    See  p.  1164  for  explanation. 

p  =  Number  of  pairs  of  poles. 

Pk         »  Number  of  pairs  of  poles  otk^  space  harmonic  »  A  ^ 

q  =  Nimiber  of  slots  per  pole. 

S.SX,     s  sustained  short  circuit. 

r  «=  Pole  pitch  in  centimeters  or  inches. 

Tk  =  Pole  pitch  of  fe'*  space  harmonic  =  r/k. 

^a.st,    »  Instantaneous  value  of  rotational  e.m.f.   induced    in 

stator  coil. 
^pui.st.    ■=  Instantaneous  value  of  e.m.f.  induced  in  stator  coil 

due  to  pulsations  of  flux.     (In  magnitude  only.) 
^sw.st.     »  Instantaneous   value    of   e.m.f.    induced   in   stator 

coil  due  to  to-and-fro  swing  of  flux.     (Without 

change  in  magnitude.) 
^pmt.r.     =  Same  as  Cpui.st,   except  that  it  refers  to  coil  on  rotor. 
esw.r.      =  Same  as  Csw.st.  except  that  it  refers  to  coil  on  rotor. 

III.  Flux  Distribution  at  Various  Loads  and  Power 

Factors 

The  oscillographic  study  of  flux  distribution  in  alternators  and 
other  apparatus  by  means  of  exploring  coils  would  have  been 
extremely  simple,  were  it  not  for  the  fact  that  the  quantity 
recorded  on  the  film  is  not  the  flux  wave  in  which  we  are  inter- 
ested but  a  quantity  proportional  to  its  time  rate  of  change. 

A  conductor  moving  across  a  magnetic  field,  constant  both 
in  time  and  space,  i.e.,  a  field  constant  in  magnitude  and  sta- 
tionary with  regard  to  the  pole  axis,  will  have  an  e.m.f.  induced 
in  it  which  may  be  designated  as  motional  or  rotational  e.m.f. ; 
this  will  be  maximtun  when  an  element  dl,  of  the  conductor 
under  consideration,  its  velocity  v,  and  the  flux  density 
Bmf  all  three,  are  mutually  perpendicular.  However,  with- 
out any  relative  motion  between  flux  and  conductor,  if 
the  flux  enclosed  by  the  circuit  varies  for  any  cause  and  in 
any  manner  whatsoever,  there  will  be  an  e.m.f.  induced  propor- 
tional to  the  rate  of  change  of  flux.  This  may  be  called  static 
or  variational  e.m.f. 

Thus  in  the  most  general  case,*  which  is  the  one  met  with  in 
practise,  the  e.m.f.  induced  in  a  conductor  or  coil  is: 

^total  **  ^motiona]     i     eyanationa]  » 

where  etotai  is  the  quantity  recorded  on  the  film. 

5.  See,  in  this  connection,  A.  Blondel,  Sur  linonci  U  plus  ginSral  des 
lots  de  V  induction.     Compt.  Rend.  1914,  Vol.  160,  Nos.  20  and  22. 
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The  application  of  the  above  to  the  analysis  and  interpretation 
of  the  complex  waves  obtained  tinder  s.s.c.  or  even  the  simpler 
phenomena  of  open  circuit  is  diffictdt.  Therefore,  it  will  be  well 
to  call  attention  at  first,  to  some  general  facts  which  though  not 
entirely  new  do  not  seem  to  be  generally  known. 

It  is  clear  that  the  e.m.f .  induced  in  a  conductor  or  a  number  of 
concentrated  turns  (on  the  armature)  will  be  a  true  reproduction 
of  the  -B-curve  tmder  the  pole,  provided  the  variational  e.m.f. 
were  zero — ^which  is  seldom  the  case.  The  variational  or  static 
e.m.f.  will  depend  upon  the  manner  in  which  B  varies  with 
respect  to  time  only.  As  a  result  of  some  valuable  researches* 
it  has  been  fotmd  that  B  may  vary  with  respect  to  time  in  two 
ways:  First,  due  to  what  may  be  termed  the  inductor  alternator 
action  of  the  teeth,  there  may  be  a  variation  in  the  amount  of 
reluctance  of  the  magnetic  circuit  of  the  machine.  This  will 
cause  pulsations  in  the  intensity  of  B  and  thus  ati  e.m.f.  will  be 
induced  in  the  armature  coils  as  well  as  the  pole  pieces,  yoke, 
etc.  The  latter  will  give  rise  to  parasitic  eddy  currents  which 
will  tend  to  wipe  out  the  pulsations.  Thus,  as  indicated  by 
theory  and  as  shown  by  test,  the  variational  e.m.f.  due  to  this 
cause  will  be  very  small  (compared  to  the  rotational  e.m.f.). 
Secondly,  it  has  been  fotmd  that  the  flux  density  at  any  point 
under  the  pole  may  vary  due  to  a  to-and-fro  swing  of  the  flux- 
.  wave  with  respect  to  the  (geometrical)  pole-axis.  It  has  been 
shown  by  Worrall*  by  trimming  the  pole-shoes  and  varying  the 
number  of  slot-pitches  covered  by  it,  that  the  pulsation  is 
maximtun  when  the  pole-arc  covers  a  whole  ntunber  of  slot- 
pitches,  while  the  flux-swing  is  maximum  when  the  pole-arc 
covers  (an  integer  -h  J)  slot-pitches.  This  neglects  fringing  and 
in  the  experiments  referred  to,  it  seems  to  hold  remarkably  well. 
However,  it  seems  to  the  writer  that  fringing  should  not  be 
n^lected  since  it  is  not  the  geometrical  tooth  or  slot  but  the 
manner  in  which  the  flux  is  distributed  in  these  that  is  responsible 
for  the  static  e.m.f.  Thus,  his  conclusions  seem  to  be  correct, 
except  that  it  wotild  be  more  rational  to  consider  the  effective 
teeth  and  slots  (so  far  as  flux  is  concerned). 

The  study  of  the  experimental  results  as  well  as  the  quantita- 
tive expressions  developed  in  the  supplementary  notes  show 
that  the  e.m.f.  waves  of  coils  No.  7  and  No.  8  give  chiefly  the 

6.  G.  W.  Worrall,  Jour.,  Inst.  E.  £.,  1907,  Vol.  39,  p.  206.  Also  1908, 
Vol.  40,  p.  413.  Gttery,  V  Eclairage  Electrique,  1903,  Vol.  36,  p.  51. 
Arnold  and  La  Cour,  Samn,  EUk.  VorU,  1901,  Vol.  3,  p.  58.  K.  Simon* 
E.  T.  Z.,  1908,  Vol.  27,  p.  631.     Electrician,  Vol.  57,  p.  581. 
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e.m.f.  due  to  fltix  pulsations.  See  second  wave  Fig.  4  and  Pig. 
5.  The  e.m.f.  due  to  the  to-and-fro  motion  of  the  flux  is  given 
by:  (for  Xi  =  0  see  Fig.  6  and  note  A) 

es^,r.  =  2  iV  /  g  w  €«  5i  sin  (4  3  w  /)  (22) 


v^^ 


Fig.  4 

Ofcillognun  No.  OA84.  Test  No.  196.  Pint  wave:  armature  current  under  ■.!.€. 
at  4.96  amperes  field  excitation,  normal  speed  and  machine  connected  2- phase.  Third 
waT«:  Bu9  ■■  e.m.f.  in  full-pitch  40-tum  rotor  coil  No.  7  under  same  conditions.  Second 
wave:    Ettw  at  same  excitation  and  speed  at  no-load. 

and  that  due  to  the  pulsations  of  flux  by: 

^pui.r.  =  i  Nlq  (jjri  Bi  sin  {2  q  0)t)  (23) 

where  17  and  €  are  small  fractions  denoting  the  amplitude  of  the 
variations  of  flux,  in  each  case.  The  former  would  be  expected 
to  be  small  as  it  involves  €*  and  oscillograms  give  no  indication 
of  the  existence  of  ripples  of  (4  g  X  machine-frequency),  as 
required  by  (22).  As  seen  from  Fig.  4,  second  wave,  and  Fig. 
5,  the  little  kinks  in  the  JSr,  wave    (due   to   the    pulsations 


Fig.  6 

Oscillogram  No.  O  A  21.  Test  No.  91.  Table  I.  Machine  parallel  Y-connected  and 
run  as  synchronous  motor.  Field  current  «  4.4  amperes.  Line  current  -■  15.6  amperes. 
Line  voltage  -  220.  £ef  "■  e.m.f.  induced  in  rotor  coil  No.  7.  Note:  A  «  1080  deg. 
B  -  60  deg. 


of  flux)  under  synchronous  motor  and  no-load  operation,  are 
fairly  small  and  have  a  frequency  of  2qf,  i.e.,  show  2  g  =  24 
ripples  per  cycle.  See  Table  I,  column  6.  This  is  what  would 
be  expected  from  (23). 
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While  it  is  clear  that  the  kinks  in  the  £»,  wave,  Figs.  4 
and  5,  are  due  to  the  teeth,  the  long  flat  superimposed  wave 
having  a  period  A ,  is  believed  to  be  due  to  the  rotor  being  eccen- 
tric with  respect  to  the  stator.  This  explanation  seems  the 
more  plausible  when  it  is  considered  that  A ,  Pig.  5,  is  found  to 
be  1080  electrical  degrees,  as  indicated  in  Table  I  column  4; 

TABLE   I. 
Data  relating  to  the  e.m.fs.  induced  in  rotor  exploring  coils  under  conditions  given  below. 


No.  of  osciU. 

Field 

A  in      B  in 

No.  of 

Preq. 

Amplitude 

£>F 

cur- 
rent in 

de-        de- 

rip. 
pies 

in 
cycles 

in  max.  volts 
see  Pigs. 

Line 

Ap. 

grees 

Utvvm 

cur- 

prox. 

amps. 

see 

see 

per 

per 

8a.  b.c 

rent  in 

power 

No.  of  test 

£rC 

Pig.  5 

Pig.  8 

cycle 

sec. 

amps. 

factor 

poe. 

neg. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

S 

Synchronous  M 

otor  Operation 

O  A  21/91 

£rf 

4.4 

1080      54  8 

24 

59.5 

0.69 

0.82 

15.5 

1 

OA22/02 

£ap» 

4.4 

1080 

60    / 

69.5 

0.66 

15.2 

1 

0  A  39/115 

£ap* 

1.0 

1080 

24 

59.5 

1.12 

mean 

79    t 

0.27  Ig. 

O  A  40/1 10 

£rc 

8.3 

1080 

61.3 

59.5 

1.12 

mean 

76 

0.281d. 

OA3C/118 

fiRC 

61 

24 

59.5 

0.037 

0.063 

85.5 

0.25  Ig. 

0  A  37/109 

£rc 

8 

60  6 

24 

59.5 

0.037 

0.053 

71.2 

0.241d. 

s 

U8taine< 

1  Short  Circuit 

.     Series  Y  Co 

nnection 

-/1«4 

£rf 

5 

24 

54 

0.97  mean 

-/IW 

£kc 

5 

24 

50 

0.03  mean 

-/IW 

£rc 

3.16 

24 

52 

0.027  mean 

-/167 

£kv 

3.16 

24 

52 

0.71  mean 

226/- 

£rf 

6 

50.2 

24 

60 

Open-Circui 

t  Operation 

-/163 

£«r 

5 

60 

2.46 

-/1«2 

£rv 

3.16 

60 

1.94 

-/161 

£kf 

6 

54 

2.31 

-/160 

£rf 

3.16 

54 

1.98 

O  A  24/94 

£»F 

5 

1060 

60 

24 

*£ap  *  e.m.f.  induced  in  search  coil  around  pole,  right  under  pole-shoe;  this  gave 
practically  same  results  as  full-pitch  coil  No.  7  and  therefore  it  was  disconnected  from  slip- 
ring  and  not  used. 

tig.  *  lagging.     Id.   -  leading. 

i.e.,  the  superimposed  wave  is  found  to  have  imder  load  or  at 
no-load  a  frequency  (i)  /  =  (!//>)/  =  one  cycle  per  revolution. 

For  a  conductor  placed  at  the  middle  of  the  pole-arc,  i.e.,  at 
Xi  =  t/2,  Pig.  6,  Cstcr.  would  be  maximum  and  eptti.r?  would 
be  zero;  i.e.,  such  a  conductor  would  give  ripples  due  to  the 

7.  See  equations  (SI)  and  (SO)  respectively  in  supplementary  notes. 
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flux-swing  only.  Attempts  were  made  to  take  advantage  of 
this  but  owing  to  the  high  centrifugal  force  it  was  found  difficult 
to  fasten  down  securely  wires  at  the  mid-pole  position. 


Pig.  6 

However,  a  very  good  idea  of  the  relative  magnitude  of  the 
e.m.f.  due  to  flux-swing,  can  be  obtained  by  studying  the  e.m.f. 
waves  induced  in  the  stator  coils.     These  will  consist  of   {erot 


Kf^-lOO*  AM  PerceriE*siai  fefemd  to  ika 


Rttiple  for  Coil  NotI  ■  100-76*  *  24* 
Ripple  for  Cofl  No.  S  -31lb 

RilipleforCoaNo.6  -821^ 


I'lY^jmUel  no-load 
Top  \W%,  Middle  1001b;Bottoin  10011 


Pig.  7 

OMiUogram  No.  O  A  38.  Test  No.  110.  Tables  IV.  V  and  VI.  Machine  run  on 
open-circuit.  First  wave:  £it  -  e.m.f.  induced  in  exploring  coil  No.  1  at  top  of  slot. 
Second  wave:  Eai  -  e.m.f.  induced  in  exploring  coil  No.  3,  at  middle  of  slot.  fi^B 
-  e.m.f.  induced  in  exploring  coil  No.  6,  at  bottom  of  slot.  Speed  normal,  i.e.,  corres- 
ponding to  60.  Excitation  -  8  amperes.  Same  vibrator  and  resistance  in  vibrator  circuit 
used  for  all  waves.   Compare  to  Pig.  22. 

+  e^  +  Csw)'  As  indicated  by  equations  (7),  (13)  and  (18) 
Note  A,  epui  will  be  negligible  for  a  rotor  coil  placed  at  the 
middle  of  the  pole-shoe,  i.e.,  at  x  =  t/2,  or  for  a  stator  coil 
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whenever  x  =  r/2,  see  Fig.  6.  In  other  words,  Cp^i  will  be 
negligibly  small  whenever  erot.st,  is  maximtim.  Thus  the 
ripples  at  the  crest  of  the  e.m.f.  wave  (x  =  r/2)  of  the  stator 
coils  1,  3  and  5  are  due  mainly  to  flux-swing  and  a  comparison 
of  the  ripples  in  them,  Fig.  7,  with  the  kinks  of  the  E„  wave, 
second  wave  Fig.  4  and  Fig.  5,  and  £rc.  Fig.  8a,  'will  show  at 
oifte  that  the  kinks  (due  to  pulsation)  are  quite  negligible 
compared  to  the  ripples  (due  to  flux-swing) — especially  when 
it  is  remembered  that  coils  No.  8  and  7  have  many  more  turns 
than  the  stator  coils  and  the  volts  per  centimeter  for  the  cali- 
bration of  the  former  is  about  ten  per  cent  of  that  for  the  latter. 
The  subject  of  tooth  ripples  is  of  great  practical  importance, 


j0l063V 


Pio.  8a 


w^ywy^vvvw 


^#|iN|(»^i^M^II»N#^ 
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Fig.  8b  Pig.  8c 

Pig.  8a  Otcillogram  No.  O  A  36.  Table  I.  Machine  run  at  aynchronous  motor.  Line 
current  86.5  amperes  lag.  Line  voltage  »  200.  £kc  *  e.m.f.  induced  in  coil  No.  8. 
Exactly  same  wave  shape  and  amplitude  obtained  in  oeciUognun  No.  O  A  37  with  71 
amperes  of  leading  line  current  and  238  line  voltage. 

Pig.  8b  Oscillogram  No.  O  A  49.  Pirst  wave  £bc  -■  e.m.f.  induced  in  coil  No.  8. 
B  «  00  deg.  Second  wave:  JBrf  -  e.m.f.  induced  in  coil  No.  7.  B  «  00  deg.  Machine 
series  Y-connected  and  short-circuited  at  its  terminals.  Pteld  current  «  6  amperes. 
Frequency  -  64  cycles  per  second.  Resistance  in  vibrator  circuit  ■■  0  ohms  and  gold- 
leal  fuses  short-circuited. 

Pig.  8c  Oscillogram  No.  O  A  60.  Similar  to  O  A  49  in  every  respect,  euept  Aeld 
excitation  ■■  3.10  amperes.     Same  vibrators  used. 

not  only  in  case  of  accurate  tests  and  measurements  but  also  in 
connection  with  the  operation  of  large  alternators,  induction 
motors,  etc.  Though  effective  methods  have  been  developed  for 
their  elimination  there  seems  to  be  lack  of  general  concensus  of 
opinion*  as  to  their  origin  and  detailed  analysis.  In  this  con- 
nection it  seems  pertinent  to  ask,  whether  the  ripples  are  entirely 
variational  in  their  origin  or  are  they  partly  motional.  The 
actual  flux  density  in  the  air-gap  has  the  general  form  indicated 
by  curve  (b)  rather  than  curve  (a)  Fig.  6.     Since  the  motional 

8.  S.  P.  Smith  and  R.  H.  Boulding,  Jour.,  I.  E,  £.,  1915,  Vol.  53,  p. 
205.  Discussion  p.  238.  Also  see  correspondence  Electrician^  June, 
1914.     Further,  see  references  given  under  foot-note  (6). 
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e.m.f.  will  be  duplicate  of  the  5-curve,  it  is  clear  that  the  tooth 
ripples  will  partly  have  motional  origin,  i.e.,  will  be  partly  due 
to  the  cutting  of  a  -B-curve  like  that  shown  in  (b)  Fig.  6. 

A  general  idea  of  the  relative  importance  of  the  tooth  kinks  in 
the  B-curve  may  be  gained  from  Fig.  9  which  is  self-explanatory. 
The  flux  measurements  were  obtained  by  pulling  out  of  the  air 
gap  an  exploring  coil  fastened  on  a  piece  of  cardboard  and  having 
a  length  approximately  equal  to  the  axial  thickness  of  the  arma- 
tiu-e  core,  and  a  width  about  30  per  cent  of  that  of  a  tooth.  In 
the  test  recorded  in  Fig.  9,  the  machine  was  stationary;  in  the 
next  one,  the  rotor  was  excited  and  slowly  rotated  and  the 
following  maximum  throws  of  the  Grassot  fluxmeter  were 
observed. 


'"Center  of 
Pole 

Pig.  9 

Flux  distribution  with  the  machine  stationary  as  measured  by  Grassot  fluxmetar.' 


Coil  No.  10 — coil  at  top  of  tooth — maximimi  deflection  =  100 

per  cent. 
Coil  No.  9 — coil  at  top  of  wedge — maximum  deflection  =    41 

per  cent. 
Coil  No.  8 — concentrated  coil — maximtun  deflection  =  8  per  cent 

The  actual  flux  density  under  running  conditions  was  fiuther 
investigated  by  means  of  the  exploring  coils  No.  9,  10  and  11, 
Figs.  3  and  3a,  by  taking  oscillographic  records  of  the  e.m.fs. 
induced  in  them  under  no-load,  s.s.c.  and  sjmchronous  motor 
operation.  The  data  obtained  in  this  series  of  tests  are  brought 
together  in  Table  II.  As  seen  from  Figs.  10,  11  and  12  the 
-Eat,  -En  and  JEtw  waves  have  two  prominent  crests  above,  and  two 
below,  the  zero  line,  per  cycle.  These  are  quite  characteristic 
and  are  designated  as  1st  and  2nd  positive  and  1st  and  2nd 
negative.  See  Table  II,  coltunns  8  and  11.  The  angular  dis- 
tance between  successive  +  or  —  crests  is  designated  by  a  and 
that  between  successive  positive  and  negative  ones  by  /3.  See 
Fig.  10  and  Table  II  columns  6  and  7. 
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The  peculiar  shape  of  these  curves  may  be  explained  as  follows : 
As  a  concentrated  coil  like  No.  9  or  No.  10,  moves  past  a  (sta- 
tionary) field  pole,  the  amount  of  change  in  the  enclosed  flux 
will  depend  upon  the  tooth  kinks  of  the  5-curve,  (b)  Fig.  6. 
If  the  5-curve  were  flat  topped,  see  (a)  Fig.  6,  there  would  be  no 
change  of  flux  through  coils  No.  9  or  10  while  under  the  pole-arc. 
Thus  the  small  ripples  in  the  portion  of  the  -B-curve  marked  jS, 
Fig.  10,  are  due  partly  to  the  bunching  of  the  flux  at  the  teeth 
and  partly  due  to  the  flux  variations  ( =  pulsations  in  magnitude, 
and  to-and-fro  swing),  as  already  explained.  As  the  coil  emerges 
from  under  the  horn  of,  say,  a  north  pole  and  begins  to  enter  the 


rt--^-i 


Ct  Correspond!  to  Interpolar  Space. 
^  Corresponds  to  Space  under  Pple-arc 

Fig.  10 

Oscillogram  No.  O  A  28.  Test  No.  98. 
Table  II.  Pint  wave:  Eat  -  e.m.f. 
induced  in  coil  No.  11  around  tooth. 
Second  wave:  volts  across  the  terminals 
of  the  machine.  Third  wave:  £tw  * 
e.m.f.  induced  in  coil  No.  9  on  top  of 
wedge.  Machine  parallel  Y-connected 
and  operated  at  a  aynchronoua  motor. 
Line  current  —  39.5  amperes.  Line 
voltage  «  212  volts.  Power  factor  -  66 
deg.  lag.  a  corresponds  to  interpolar 
space,  fi  corresponds  to  space  under 
pole-arc. 


Fig.  11 

Oscillogram  No.  O  A  77.  Test  No. 
189.  Pirst  wave:  £tt  ~  e.m.f.  induced 
in  search  coil  No.  10  at  top  of  tooth. 
Second  wave:  £tw  ~  e.m.f.  induced  in 
exploring  coil  No.  9  at  top  of  wedge. 
Machine  run  at  open-circuit  and  same 
vibrator  and  same  resistance  in  vibrator 
circuit  for  both  y 


interpolar  region  and  then  the  tip  of  the  south  pole,  there 
will  be,  two,  comparatively  large  changes  in  the  flux  enclosed; 
these  flux  changes  will  give  rise  to  two  peaks  whose  angular 
spacing  a,  as  seen  from  Table  II  is  about  60  elec.  deg.  i.e.,  a 
corresponds  to  the  angular  distance  between  two  consecutive 
pole-horns.  Evidently  these  crests  should  be  on  the  same  side 
of  th*  zero  line  since  one  is  due  to  a  decreasing  flux  issuing  from 
a  north  pole,  while  the  other  is  due  to  an  increasing  flux  of 
opposite  polarity.* 

9.  See  curve  32  given  by  W.  J.  Foster,  Trans.,  A.  I.  E.  E.,  1913,  Vol. 
32,  p.  754. 
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At  first  sight  it  might  be  expected  that  the  e.m.fs.  induced  in 
coils  No.  9  and  10  should  be  similar  in  shape  and  equal  in  amount 
since  the  only  difference  between  them  is  that  one  is  placed  on 
top  of  a  tooth,  while  the  other  is  on  top  of  a  wedge.  However, 
as  seen  from  Table  II  this  is  by  no  means  the  case;  further  as 


Pig.  12 

OsdUognun  No.  O  A  29.  Tett  No.  90.  Table  II.  Machine  Y  parallel  connected  and 
nin  aa  a  aynchronoua  motor.  Field  excitation,  6.4  amperes.  Line  voltage  •  237  volts 
Line  current  -■  39.6.  Approximate  power  factor  ■■  0.45  leading.  First  wave:  Brt 
■■  e.m.f .  induced  in  coil  No.  10  at  top  of  tooth.  Second  wave :  Line  voltage.  Third  wave: 
£tw  ■■  e.m.f.  induced  in  coil  No.  9  at  top  of  wedge. 

seen  from  Table  III  the  area  enclosed  by  £tt  for  the  coil  at 
the  top  of  a  tooth,  is  very  much  larger  than  JErw  ^r  the  coil 
at  the  top  of  a  wedge.  This  can  be  explained  on  the  assumption 
that  a  given  peak  is  due  to  the  change  of  the  enclosed  flux  to 
nearly  zero,  from  the  value  it  had  just  before  the  coil  left  the 


TABLE   III. 
Data  relating  to  synchronous  motor  operation  of  machine  and  giving  the  area  per  one- 
half  cycle  per  turn  enclosed  by  the  e.m.f.  waves  induced  in  coils  No.  9  and  No.  10. 


No.  of 
oscfll. 

Field 
ampe. 

Line 
ampe. 

Line 
volU 

Power 
factor 

Maxwells  or  volts  per 
turn  per  X  cycle 

OA29 
OA29 
OA27 
OA27 

6.4 

6.4 

4.24 

4.24 

39.5 
39.5 
15.5 
15.5 

237 
237 
218 
218 

0.45  Id. 
0.45  Id. 

1.00 

1.00 

45.000.  coil  No.  10 
12.036.  coil  No.  9 
69.400.  coil  No.  10 
29.800.  coil  No.  9 

horn  of  the  pole.  This  change  will  be  much  larger  for  a  tooth 
than  for  a  slot.  The  above,  in  connection  with  Tables  II  and 
III,  give  a  fairly  good  idea  of  the  flux  distribution  and  flux 
pulsations  under  actual  running  conditions,  in  contrast  to  the 
phenomena  which  obtain  with  the  machine  stationary  and  which 
are  easily  investigated,  as  indicated  in  Fig.  9. 
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Study  of  Table  II  and  the  oscillograms  given  in  connection 
therewith  reveals  several 'interesting  facts.  A  comparison  of 
Figs.  10  and  12  will  show  that  the  kinks  between  a  +  crest  and 
a  —  crest,  i.e.,  under  the  pole-arc,  are  larger  when  the  armature 
current  is  leading  or  demagnetizing  than  when  it  is  lagging  or 
magnetizing.  Both  Err  and  £xw  are  larger  for  a  given  arma- 
ture current  when  it  is  leading  than  when  it  is  lagging;  for  example 
at  39.5  amperes  of  line  current  (under  s)nichronous  motor  opera- 
tion) Err  =  0.24  and  £tw  =  0.12  volts  per  turn.  At  39.5 
amperes  of  condensive  ciurent  the  volts  per  turn  increase  to 
0.47  and  0.19  respectively.  The  field  excitation  in  the  former 
case  was  2.9  amperes  and  the  terminal  voltage  212  (effective 
volts  per  phase);  the  corresponding  quantities  for  the  latter 
case  being  6.4  amperes  and  237  volts.  In  the  light  of  the  above, 
(see  Table  II)  the  explanation  seems  to  be  that  in  spite  of  the 


Pig.  13 

Exaggerated  figure  showing  e.in.f.  induced  in  exploring  coils  at  no-load  and  unequal 
■I>acing  of  tooth  ripples. 

demagnetizing  action  of  the  leading  currents  the  flux  density  in 
the  gap  increases  on  account  of  the  higher  excitation  and  voltage. 

Under  s.s.c.  the  crest  voltages  En  and  £tw  do  not  differ 
as  widely  which  is  no  doubt  due  to  the  very  peculiar  and  dis- 
torted flux  distribution  as  will  be  explained  in  the  next  section. 

In  connection  with  the  subject  of  tooth  ripples,  attention. may 
be  called  to  several  other  peculiarities.  As  seen  from  Table  IV 
and  indicated  in  Fig.  13,  the  angular  spacing  of  the  tooth  ripples 
from  crest  to  crest  is  not  uniform  as  ordinary  theory  would 
indicate.  (See  equations  13  and  14).  In  the  first  place,  the 
angular  spacing  (1  +  2),  (3  +  4),  etc.  Fig.  13,  is  slightly  less 
than  r/g,  or  in  this  case  16  electrical  deg.  Secondly  the  angular 
spaces  2,  4,  6, 11,  and  13  are  larger  than  1,  3,  6,  etc. ;  this  is  prob- 
ably due  to  the  hysteresis  effect  in  the  teeth.  Thirdly,  the 
amplitude  d,  Fig.  13  is  distinctly  smaller  for  Eu  than  for  £5. 
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this  is  easily  seen  from  Fig.  7  in  which  the  waves  were  taken 
under  the  same  operating  conditions,  using  the  same  vibrator 

TABLE  IV. 
AacoUr  tiMcing  in  d«grM«  (el«ctricAl)  of  the  mazimuni  and  minimum  cretU  of  th* 
tooth  ripplM  of  th«  no-loAd  learch  coil  e.m.fs. 


Mean  angular  spacing  of  (see  1 

Pig.  13) 

No.  of 

OKiU. 

Field 
amperes 

SMTch  coil 

1,3.5 

(1  +  2). 

(2  +  3). 

ft  7 

2.  4ft  6 

(3  +  4). 
etc. 

(4  +  5). 
etc. 

1 

2 

3 

4 

5 

6 

7 

272 

No.  1,  top  of  slot 

8.8 

6 

8.5 

OA36 

No  1.  top  of  slot 

7.15 

7.35 

14.62 

13.29 

OA35 

No.2.midd.ofilot 

6.46 

7.81 

13  9 

14 

0A3A 

No.  6.1x>tt.  of  slot 

6.94 

7.21 

14 

14.2 

OA38 

No.  1,  top  of  slot 

5 

6.64 

7.45 

14.18 

14.4 

OA38 

No.3.midd.  of  slot 

5 

6.64 

7  08 

13.77 

14 

OA38 

No.5,bott.ofslot 

5 

6.84 

8.03 

260 

No.  1.  top  of  slot 

5 

6.41 

9.13 

203 

No.  3.midd.of  slot 

4 

6.03 

8.43 

208 

No.5.bott.of  dot 

5 

6.37 

8 

M«m: 

6.55 

7.89 

14.09 

13.18 

and  the  same  vibrator  resistance.    A  quantitative  idea  of  the 
variations  may  be  gained  from  Table  V. 
In  Table  VI  are  given  the  areas  enclosed  per  J  cycle  by  Eu, 


TABLE  V. 


d           1 

-  X  -  X  100 

2          b 

Frequency 

No.  of 

B.m.f.  of 

Field 

cycles 

oscillograms 

search  coil 

See  Pig.  13 

amperes 

per  second 

272 

£,T 

7.5% 

8.8appr. 

60 

272 

^.. 

8.3% 

8.8 

50 

OA38 

f*^ 

7.2% 

6 

60 

OA38 

fa- 

7.9% 

5 

60 

OA38 

^•B 

9.2% 

6 

60 

£saf  and  E^^  and  it  is  seen  that  for  the  bottom  coil  No.  5 
the  flux  is  107.5  per  cent  of  that  enclosed  by  the  top  coil.  Under 
synchronous  motor  operation  the  percentage  is  smaller,  about 
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103  per  cent  for  leading,  i,e,  demagnetizing,  and  larger,  about 
113  per  cent  for  lagging  currents. 

These  phenomena  may  be  explained  on  the  basis  of  the  follow- 
ing assumptions.  Consider  two  stuiaces,  one  passing  through 
the  top  and  the  other  through  the  bottom  of  the  armature  slots. 


TABLE  VI. 
Mean  areaa  of  ooniecutive  poeitive  and  negative  half-waves  of  e.m.f.  induced  in  full* 
pitch,  5-turn  exploring  coils  st  top,  middle,  and  bottom  of  slots  «  £1t,  '  B3u   and  R&b 
respectively. 


Synchr. 

motor. 

No.  of 

Bit 

Pie- 

short- 

Approz. 

Line 

.( ♦!-♦•)  in 

(♦«-«t) 

oscill. 

£aM 

quency 

circuit  or 

power 

current 

mega-mazwells 

in  per 

Field 

teetNo. 

or 

£»B 

in  cycles 
per  sec. 

no  load 
oper- 
ation 

factor 

V 

or  volts  per 
turn  per  cycle 

cent 

amps. 

1 

2 

3 

4 

5 

6 

7            8. 

9 

10 

O  A  32/104 

Em 

50.5 

S.  M. 

0.42  Id. 

45.2  Id. 

2.31 

100 

O  A  32/104 

EfB 

50.5 

S.M. 

0.42  Id 

46.2  Id. 

2.40 

104 

O A  34/106 

En 

60.5 

S.M. 

0.41  Ig. 

52.6  Ig. 

1.95 

100 

O A  34/106 

ESM 

50.5 

S.  M. 

0.4Ilg. 

52.6  Ig. 

2.05 

105 

O  A  35/107 

Eit 

59.5 

S.M. 

0.37  Id. 

52.6  Id. 

2.22 

100 

O A  36/107 

ESM 

50.6 

S.M. 

0.37  Id. 

52.6  Id. 

2.235 

101.5 

O  A  35/107 

£fB 

50.5 

S.  M. 

0.37  Id. 

52.6  Id. 

2.281 

103 

O A  33/105 

Bit 

50.5 

S.  M. 

Ug. 

60  appro 

1.93 

100 

O A  35/105 

£3M 

50.5 

S.  M. 

lag. 

60  appro 

2.0 

103.7 

O  A  35/105 

£»B 

60.5 

S.M. 

lag. 

60  appro 

2.18 

113 

O  A  38/110 

Bit 

60 

no  load 

2.316 

100 

5 

O A  38/110 

Em 

60 

no  load 

2.38 

103.0 

6 

OA44 

Bit 

54 

B.B.C.  connection  Y  series 

0.415 

100 

5 

OA72 

£fB 

54 

S.S.C.  connection  Y  series 

0.282 

70.3 

5 

OA51 

Bit 

52 

S.S.C.  connection  Y  series 

0.3095 

100 

3.16 

OA54 

Em 

52 

B.S.C.  connection  Y  series 

0.245 

70.2 

3.16 

OA67 

£fB 

52 

S.S.C.  connection  Y  series 

0.0969 

34.4 

3.16 

OA81 

Bn 

60 

S.S.C.  connection  2-phase 

0.1348 

100 

4.96 

OA82 

£»B 

60 

B.S.C.  connection  2-pha8e 

0.1056 

78.3 

4.96 

Assume  that  the  flux  density  in  the  slots  is  smaller  and  in  the 
teeth  is  larger  and  more  nearly  perpendicular^*  to  the  direction 
of  rotation  of  the  armature  conductors,  for  the  second  surface 
than  for  the  first.  Further,  if  the  armature  were  revolving,  the 
10.  Compare  equations  (4)  and  (4a)  in  supplementary  not^. 
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peripheral  velocity  would  have  been  larger  for  the  second  surface. 
These  assumptions  will  partly  at  least  explain  the  above  and 
they  seem  reasonable  as  may  be  seen  by  examining  the  approxi- 
mate flux  distribution"  in  slotted  armatures  under  different  load 
conditions. 

Tables  VII  and  VIII  give  wave  analyses  of  the  e.m.fs.  induced 
at  no-load  in  different  exploring  coils.  It  will  be  seen  that  for 
a  given  field  current,  for  example  6  amperes,  wave  analysis 


Showing 
ing  cxcitatioii, 


TABLB   IX. 
of  3rd  hannonic  of  ;mJ.  induced  in  tutor  exploring  coile,  with  increet- 


Third  hnrmonic 

• 

No.  of  oictllogram  from 

Bxd. 

Per  cent  values  of  columnt 

which  columnt 

totion 

tutor  f iiU  i»itch 

in 
untM. 

exploring  ooilt 

No.  2 

1  No.  3  1  No.  4 

-// 

1 

No.l 

No.  3 

No.  5 

No.l 

No.  2 

No.  8 

No.  4 

were  calculated         1 

^IT 

E^ 

«.» 

V 

^IT 

E^ 

£fB 

1 

2 

3 

4 

5 

6 

7 

8 

0 

1     10     1      11 

No-loed  operation 

8.8 

2.21 

3.04 

320 

208 

532 

272 

272 

6.5 

1.08 

236 

146 

206 

6.0 

1.05 

1.80 

218 

142 

255 

201 

201 

5.0 

0.05 

1.67 

1.28 

182 

128 

225 

173 

206 

261 

266 

4.0 

1.00 

145.5 

147 

263 

3.0 

0.75 

0.97 

0.70 

100 

101 

131 

107 

228 

263 

228 

2.75 

0.74 

100 

100 

206 

Y  lerics  ttatUined  ihort  ci 

fcuit 

5 

3.00 

7.52      182 

532 

1000 

202 

286 

4 

5.12      145.5 

684 

286 

3 

2.46 

4.04      100 

328 

538 

220 

286 

Notb:  The  tuttained  t.c.  percentages  are  in  terms  of  0.75  volto,  induced  in  top  search 
ooil  No.  1  at  no-load  and  3  amperes  exciUtion. 

/  —  4,  the  amplitudes  in  maximum  volts  for  the  1st,  3rd  and  Sth 
harmonics  are  respectively,  27.99,  1.06  and  2.42  for  coil  No.  1. 
The  corresponding  values  from  wave  analysis  /—  21,  Table 
VIII,  for  coil  No.  5  at  the  bottom  of  the  slot,  are:  28.9,  1.89 

11.  See  for  example.  Pigs.  110  and  111  p.  282  and  p.  283,  Principles  of 
Electrical  Design,  by  A.  Still.  Jour.,  I,  E.  E.,  Magnetic  flux  distribution 
in  toothed  core  armatures.  H.  S.  Hele-Shaw,  A.  Hay  and  P.  H. 
Powell.  Pigs.  183,  223  etc.  pp.  165  and  220,  in  S.  P.  Thompson's  Poly- 
phase Electric  Currents,  Second  Edition. 
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* 
and  3.75.  As  the  third  harmonic  is  of  special  interest  in  three- 
phase  work  Table  IX  has  also  been  prepared;  inspection  of 
this  table  shows  that  taking  the  e.m.f.  induced  in  coil  No.  1, 
at  the  top  of  the  slot,  at  2.75  amperes  of  field  excitation,  as  100 
per  cent,  the  third  harmonic  of  e.m.f.  increases  for  coil  No.  1 
with  increasing  excitation  until  it  reaches  298  per  cent  at  8.8 
amperes  of  field  ciurent.  Under  s.s.c.  we  have  a  similar  condi- 
tion; the  third  harmonic  for  coil  No.  5  reaches  1000  per  cent 
while  the  corresponding  value  for  coil  No.  2  is  532  per  cent  at 
6  amperes." 

In  Fig.  14   the   e.m.fs.  £ctt  and  £cts  induced    in    a   single 


00*  -  25.6  mm. 


C5S  mm. 


Fig.  14 

OtctUogram  No.  O  A  75.  Test  No.  187.  Open-circuit  test  at  5  amperee  field  excitation 
and  normal  speed.  First  wave:  (e.m.f.  induced  in  single  conductor  No.  14  at  top  of  tooth) 
+  (e.m.f.  induced  in  single  conductor  No.  13  at  top  of  immediately  succeeding  wedge) 
■"  ficcT  +  £cT8.  Second  wave:  £cts.  Third  wave:  £ctt.  Same  vibrator  used  for 
aU  exposures.  30  ohms  resistance  in  vibrator  for  Ben  +  £cts;  10  ohms  for  other  two 
waves. 


conductor  placed  on  top  of  a  tooth  and  on  top  of  a  slot  respec- 
tively (see  coils  No.  13  and  14,  Fig.  3)  show  certain  peculiar 
differences  in  that  iScxr  has  nine  distinct  kinks  while  Ecrs 
has  eight.  This  is  easily  explained  by  following  step  by  step 
the  variational  e.m.f.  induced  in  a  conductor  on  top  of  a  tooth 
and  one  on  top  of  a  wedge,  as  the  armature  slots  move  with 
respect  to  the  field  poles. 

12.  For  a  tentative  explanation  of  the  fact  observed,  namely  that  the 
third  harmonic  of  e.m.f.  for  a  given  exploring  coil  will  increase  with 
excitation  see,  P.  Janet,  Lecons  d*  Slectrotecknique  ginirale,  T.  II,  p.  191. 
However,  note  further  that  not  only  the  3rd  liarmonic  increases  for  a 
given  coil  with  increase  of  field  current  but  it  seems  to  increase  faster  for 
a  search  coil  at  the  bottom  of  slot  than  one  at  the  top  of  a  slot. 
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IV;  Experimental  Investigation  op  the  Direct  Component 

OP  Armature  Reaction  and  the  Resultant  Flux 

Distribution  Under  Sustained  Short- 

CiRCUiT  Conditions 

The  armature  ctirrent  under  s.s.c.  has  been  found  to  be  very 

closely  sinusoidal,  as  can  be  seen  by  inspecting  first  two  waves 

in  Pig.  16  and  fifth  wave  in  Pig.  16,  which  are  for  Y  and  delta 


Pig.  15 

OtaOognm  No.  281.  Tabto  X.  Stutained  short  drcuH  with  maehin*  Mri«  dalta  oon- 
iMctod.  Second  itnight  line;  tero  line  for  fint  two  waves  repreeenting  armature  phaer 
current  at  3.37  and  4.1  amperee  field  ezdtatton  respectively.  Third  and  fourth  waves 
give  9.tnJ,  induced  in  20-tum  full-pitdh  rotor  exploring  eoil  No.  7,  under  same  conditions. 

connections.    A  quantitative  idea  of  the  approach  of  these 
waves  to  a  sine  wave  may  be  gained  from  Table  X. 

Throughout  this  paper  the  armature  current  under  s.s.c.  will 
be  assumed  to  be  sinusoidal  and  if  the  armature  winding  were 


rf,.  2cit> 

at  UiB  point 

of.. 

Fig.  16 

Oscillogram  No.  O  A  44.  Test  No.  148.  Table  XV.  Exposurt  No.  1.  Opea-dreutt  test 
at  5  amperes  field  excitation  and  54  cycles  per  second.  First  wave:  contactor.  Third 
wave:  B|T  "•  e.m.f.  induced  in  coil  No.  1.  Bxposurt  No,  3.  Sustained  sbort-«iroutt  test 
with  machine  series  Y  connected.  Same  excitation  and  speed  as  before.  Fourth  wave: 
£,T.     Fifth  wave:    line  current.     Second  wavet    contactor. 

simisoidally  distributed,  see  Fig.  17,  the  armature  m.m.f.  would 
be  sinusoidal.  However,  it  can  be  shown  (see  supplementary 
notes,  equation  30)  than  an  ordinary  armature  winding  with 
N  conductors  per  slot  and  one  slot  per  pole  per  phase,  see  Fig. 
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18,  supplied  with  a  sinusoidal  current  will  be  exactly  equivalent 
to:  (1)  a  winding  sinusoidally  distributed  (in  space)  having  a 
pitch  of  r  cm.  or  inches.  (2)  a  winding  sinusoidally  distributed 
having  a  pitch  of  r/3  and  ^  as  many  turns  as  the  first,  etc., 
etc.  In  other  words,  imagine  a  set  of  sinusoidally  distributed 
windings,  of  pitch  r/ft,  where  k  is  the  order  of  the  space  harmonic, 


TABLE  X. 
Per  cent  amplitude  of  armature  current,  »a.  at  every  30  deg.,  under  t.t.c.  and  the  machine 
Y-eeries  and  delta-eeries  connected. 


•  in  degrees 

•in  •  XlOO 

<a.  Y  conn,  (oedll.  O  A  44) 
ia,  A  conn.  (o«cill.281) 


0 

30 

60 

90 

lao 

160 

180 

0 

60 

80.9 

100 

80.6 

60 

0 

0 

51.1 

84.6 

100 

86.4 

60 

0 

0 

48.7 

81.2 

100 

86.1 

48.7 

0 

all  placed  in  series  and  carrying  the  same  sinusoidal  current 
(with  respect  to  time) :    These  will  produce  the  same  H-curve 
as  the  actual  non-sinusoidal    winding  carrying  the  sine-wave 
current  of  fundamental  (with  respect  to  time)  frequency. 
Without  going  further  into  the  analjrsis  of  this,  suffice  to 


PhMeNaS 


AxbofPhiMNaS 

/ 


-Axis  of  Phue  No.  1 


N.CQsp4)fft 


PhMtNat 


AxbofPheMNoca 


Fig.  17 

Schematic  representation  of  three-phase  two-pole  armature  winding  which  is  sinusoidallj 
distributed  (in  space). 

State"  that  for  a  polyphase  alternator,  with  a  sine  wave  (with 
respect  to  time)  armature  current  and  any  ordinary  type  (non- 
13.  See  A.  Potier,  Journal  de  Physique,  1897,  3"^  serie,  T.  VI,  p.341 
and  483.  A.  Blondel,  U  Eclairage  EUctrique,  1895,  T.  IV,  pp.  241,  308 
et  368.  T.  v.,  p.  268.  See  also  P.  Janet,  Lecons  d*  EUarotechnique 
gSnSrale,  T.  Ill,  Chp.  V.  Alex.  Russell,  Altem.  Currents  Vol.  II,  Chp. 
XIV. 
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sinusoidally  distributed,  in  space)  winding,  the  resultant  m.m.f . 
curve  can  be  considered  as  consisting  of  a  series  of  H-curves,  all 
of  fundamental  frequency  (in  time)  but  having  a  pole  pitch 
r/k  and  an  amplitude  equal  to: 

H.-^  •  ^  SDrS,.f.  (81) 

where  N^^  "^  number  of  phases. 

H^    -  (4/T)  F,.    See  Fig.  18. 
5      «  slots  per  pole  per  phase. 

1      c    ^ 

Df     «  distribution  factor  =  = «- — 

5  sin  -jr-  • T 

2        r 

X       =»  slot  pitch. 

Sp.f,  «  short-pitch  factor  =  cos  €  *  t,  where  (1  —  c)  r  — 
winding  pitch. 

For  a  three-phase  alternator  the  first,  seventh,  thirteenth  etc.,  . 
or  (6n  +  l)  /A  space  harmonics, 
(»  =»  0,  1,  2,  3  etc.),  will  rotate  in  the 
same  direction  at  a  speed  of  2  rf/k 
or  at  an  angular  velocity  (a/pk.  The 
(6n— 1)/A  harmonics  will  rotate  in 
the  opposite  direction  with  the  same 
velocity.  In  mathematical  short-hand  the  above  may  be  ex- 
pressed as  follows: 

Hi  =  /r.  cos  (w  /  -  -^  t)  (82) 

Ht^Q  (88) 

H»  =  H.cos(w/+  4^^)  (84) 

H,  =  H.  cos  (w  /  -  -^  tV  etc.  (36) 

where  H^  is  given  by  (31). 

In  case  of  two-phase  machines  the  first,  fifth  etc.,  or  (4  n  +  1) 
t  h  space  harmonics  will  travel  in  one  direction  while  the  third, 
seventh  etc.  or  (4  »  —  1)  /  A  space  harmonics  will  travel  in  the 
opposite  direction.  The  expressions  for  these  will  be  similar  to 
the  ones  given  above  and  their  amplitude  will  be  given  by  (81) 
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The  m.iri.f.  per  centimeter  at  any  point  x  of  the  stator  per- 
iphery will  be  (4  w.  10"*  H)  where, 
H  ^  Hi  +  Ht  +  Hj  etc. 

»  Slim  of  series  of  sinusoidal  ff-waves,  all  of  fundamental 
frequency  and  having  phase  angles,    (— 6jCiir/r), 
(+  6  xi  tt/t),  (—  12  xi  w/t),  etc.,  with  respect  to  the 
fundamental  whose  phase  angle  (—  xi  w/r)  is  assumed 
to  be  zero.     See  Notes  B  and  C. 
This  leads  to  the  following  important  proposition:    With  poly- 
phase balanced  alternating  currents  varying  according  to  a  sine 
law  (in  time)  and  flowing  through  ordinary  non-sinusoidally 
distributed  windings,  (in  space)  the  Jf-curve  will  be  sinusoidal 
(t.«.,  will  be  the  stun  of  a  series  of  sine  waves).    Thus,  under  load 


4.8  V  or  155* 


Fig.  19 

Oscillogram  No.  O  A  13.  Test  No.  32.  Rotor  removed  and  three-phase  85.8  amperes 
(158  per  cent  normal  current)  introduced  into  the  stator  from  outside  source.  First  wave: 
e.m.f.  impressed  on  stator.  Second  wave:  Bit  *  induced  in  full  pitch  search  coU  No.  1 
Third  wave:  £58  ■■  e.m.f.  induced  in  full  pitch  exploring  coil  No.  5.  Second  and  fou.th 
lines:  calibrations  for  £it  and  E^b  respectively.  Note  £it  and  E^b  are  due  to  the  ro- 
tating field  set  up  by  three-phase  currents. 

or  s.s.c,  in  case  of  induction  motors  or  alternators,  the  if-curve 
due  to  sinusoidal  (in  time)  armature  currents  will  be  sinusoidal. 
Consequently  if  the  permeability  be  constant,  and  uniform 
across  the  pole-face,  the  5-curve  due  to  armature  reaction  will 
also  be  sinusoidal.  However,  if  we  find  the  e.m.fs.  induced  in 
exploring  coils  due  to  armature  reaction  to  be  distorted  this 
must  be  charged  to  the  permeability  /i,  of  the  circuit.  The 
importance  of  this  result  will  be  appreciated  when  we  attempt 
to  explain  certain  phenomena  to  be  considered  presently. 

Fig.  19  gives  £it  and  £58  when  the  stator  was  supplied  with 
3-phase  currents  from  an  outside  source  and  the  rotor  removed. 
It  is  seen  that  the  impressed  e.m.f.  does  not  deviate  greatly 
from  a  sine  wave.  But  the  e.m.f.  Esb,  induced  in  the  coil  at 
the  bottom  of  the  slot  is  peaked  and  over  150  per  cent  of  £it 
=  e.m.f.  induced  in  coil  on  top  of  slot.  The  waves  given  in 
Fig.  20  w^r^  taken  with  the  rotor  in  place  and  running  without 
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excitation  at  a  speed  corresponding  exactly  to  that  of  the  gliding 
field  produced  by  the  three-phase  stator  currents.  In  this  case 
the  current  supplied  was  only  28  per  cent  of  full-load  current. 
As  in  Fig.  19,  Esb  is  more  peaked  than  En;  Esb  =1.17  £it. 
Assuming  the  m.m.f .  per  centimeter  to  be  the  same  at  the  top 
ajid  bottom  of  the  slot,  it  is  clear  that  the  inequality  between 
Eir  and  £5,  must  be  charged,  at  least  partly,  to  the  difference 
in  permeance  between  the  points  considered.  Generalizing  the 
above  it  can  be  stated  that  although  the  ff-curve  due  to  armature 
currents  may  be  sinusoidal  the  5-curve  will  differ  from  the 
former  for  two  reasons:  First,  the  lack  of  constancy  and  uni- 
formity in  fi  across  the  pole  face;  further  the  5-curve  at  the 
bottom  of  the  slot  may  differ  from  that  at  the  top  owing  to  the 
difference  in  the  permeance  per  unit  area  at  these  two  points. 


Fig.  20 

OtciUogram  O  A  66.  Teat  177.  Pint  wave:  £it  <-  e.m.f.  induced  in  full-pitch  search 
coil  At  top  of  slot.  Second  wave:  £58  <■  e.m.f.  induced  in  full-pitch  search  coil  at  bottom 
of  slot.  A-c.  supplied  from  outside  source  «  15.1  amperes.  Two  exposures  taken  under 
identical  conditions.  Rotor  not  excited  and  run  at  synchronous  8i)eed.  Same  vibrator 
used  for  both  exposures. 

Second,  according  to  the  degree  of  saturation  the  5-curvewill 
'  e  more  or  less  flat  topped;  this  of  course  is  well  known  especially 
in  connection  with  induction  motor  design. 

It  is  possible  for  the  5-curve  due  to  armature  reaction  alone, 
to  undergo  certain  oscillations,  similar  to  those  described  in 
Section  III.  However,  a  little  study  of  Table  I,  columns  8 
and  9  and  of  Figs.  19,  20  and  of  others  to  be  given  later  will  show 
that  thei^e  secondary  effects  may  safely  be  neglected. 

Summarizing  then  we  can  state  that  the  experimental 
and  theoretical  studies  given  herein  and  by  others  show 
that  the  no-load  flux  may  and  does  deviate  from  a 
sine  wave  to  the  extent  of  containing  the  3rd,  5th  and  7th 
harmonics  to  the  amount  of  10  per  cent  or  thereabouts.  The 
field-form  of  most  modern  machines,  at  no  load  or  full  load 
approaches  reasonably  well  the  general  shape  of  a  sine  wave^* 

14.  W.  J.  Foster,  Trans.,  A.  I.  E.  E.,  1913,  Vol.  32,  p.  749.  L.  A. 
Herdt,  Trans.,  A.  I.  E.  E.,  1902,  Vol.  19,  p.  1093. 
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and  is  symmetrical  with  respect  to  the  t/2  or  the  (geometrical) 
pole-axis  except  in  case  of  loads  having  considerable  cross- 
magnetizing  effect. 

As  explained  before  the  H-curve  due  to  armature  reaction 
will  be  sinusoidal  while  the  5-curve  will  show  no  extreme  devi- 
ations from  a  sine  wave.     This,  rather  theoretical  result,  is 

TABLE   XI 


Wave  analysis  No.:    /  /  -  1 

//-2 

//-3 

//-4 

No.  of  oscillogram:    202 

229 

286 

286 

Field  ezcit.  amperes:    4.95 

3 

5.02 

3 

BxpL  coil 

No.  1.  top  of  slot 

No.  1.  top  of  dot 

No.  5,  bottom 
of  slot 

No.  5,  bottom 
of  slot 

i4.  volts 

C,  volte 

A.  volte 

C  volte 

A.  volte 

C.  volte 

i4.  volte 

C.  volte 

Order  of 

r 

/C\ 

/C\ 

/C\ 

harmonics 

B,  volte 

^^xioo 

B,  volts 

(f.)^~ 

B,  volte 

dJ^" 

B,  volte 

(fj^~ 

1.24 

1.24 

1.16 

1.16 

-1.05 

1.39 

0.85 

0.86 

-0.004 

100% 

-0.03 

100% 

-0.92 

100% 

0.13 

100% 

1.90 

3.99 

0.98 

2.46 

-3.64 

7.42 

1.97 

4.24 

3.32 

323% 

2.26 

213% 

-6.47 

532% 

3.74 

490.5% 

1.06 

2.14 

0.17 

1.77 

1.77 

2.24 

-1.15 

1.49 

-1.86 

172.6% 

-1.16 

162.5% 

-1.37 

160.5% 

-0.96 

173% 

0.91 

1.45 

0.67 

1.1 

-1.05 

2.7 

1.25 

2.04 

-1.12 

116.8% 

-0.78 

95% 

-2.47 

193% 

-1.61 

236% 

0.45 

0.45 

0.03 

0.03 

-1.18 

1.38 

1.51 

1.75 

0.027 

36.5% 

-0.001 

2.8% 

0.72 

98.9% 

0.87 

203% 

11 

-0.31 

0.32 

-0.24 

0.03 

-0.11 

0.11 

-0.18 

0.38 

-0.097 

25.86% 

-0.01 

2.24% 

-0.02 

81% 

-0.34 

44.4% 

13 

-0.193 

0.39 

-0.01 

0.27 

-0.88 

1.29 

-0.33 

0.71 

-0.34 

31.7% 

-0.02 

2.29% 

0.95 

92% 

0.63 

82.5% 

15 

0.128 
0.086 

0.15 
12.5% 

0.004 
0.003 

0.004 
0.4% 

17 

-0.056 
0.10 

0.12 
9.5% 

23 

0.005 
0.12 

0.12 
9.5% 

26 

0.004 
0.004 

0.006 
0.5% 

Note:     Wave  analysis.  Il-etc.  refers  to  analysis  of  waves  obtained  under  s.c.c.  with 
the  machine  series  Y  connected.     See  also  note.  Table  VIII.  as  to  meaning  of  A,  B,  C, 

further  corroborated  by  the  oscillograms  given  in  Pigs.  19  and 
20.  According  to  these,  either  with  the  rotor  removed  or  in 
place  and  running  at  sjmchronous  speed,  the  e.m.fs.  induced  in 
stator  search  coils,  due  to  stator  currents  alone,  are  fairly  smooth. 
Furthermore  the  flux  pulsations  as  indicated  by  the  rotor  coil 
e.m.fs.,  £»,,  and  £»c  (under  s.s.c.)  were  found  to  be  ex- 
tremely smalL 
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The  resultant  of  two  or  more  sine  waves  is,  of  course,  a  sine 
wave,  and  therefore  it  might  be  expected,  at  first  sight,  that  the 
resultant  of  the  ^-curve  due  to  the  field  and  that  due  to  the 
armature  reaction  will  not  deviate  greatly  from  a  sine  wave, 
since  neither  of  them  is  very  distorted  to  begin  with.  However, 
turning  to  oscillograms  obtained  under  s.s.c.  we  find  indications 
of  an  extremely  distorted  flux  distribution.  A  glance  at  Figs. 
23,  (fourth  wave)  16,  (fourth  wave)  etc.  and  Table  XI  which 
gives  the  coefficients  of  the  harmonics  of  the  waves  obtained 
under  s.s.c,  show  that  the  3rd  harmonic  of  e.m.f.  induced  in 
the  stator  search  coils  is  several  hundred  per  cent  of  the  funda- 
mental  and  that  a  number  of  other  harmonics  are  quite  com- 
parable to  it. 

In  order  to  avoid  any  false  deductions  and  detect  any  peculiar 
defects  in  the  machine  under  test  to  which  the  distorted  s.s.c. 
waves  might  be  due  it  was  considered  advisable  to  investigate 

Pig.  21 

OsdUogntm  No.  OA40.  Test  No.  116.  Tables  I  and  II.  Pint  wave:  line  cumnt 
Second  wave:  Ertt  ""  e.m.f.  induced  in  coil  No.  12.  Third  wave:  Erw  ■"  e.m.f 
induced  in  full-pitch  rotor  coil  No.  7.  Synchronoua  motor  operation.  Line  current  •  76 
amperes  lead.     Line  voltage  ■•  241  volts.     Power  factor  «  0.28  Id. 

briefly  the  5-curves  obtained  tmder  different  loads.  Fortius 
purpose  the  machine  was  run  as  a  synchronous  motor  and  a 
number  of  oscillograms  taken,  a  few  of  which  have  been  included 
in  the  paper. 

As  seen  from  Pigs.  21,  22  etc.,  the  waves  Eu,  E^m,  Em», 
£rc  etc.  are  not  unlike  those  obtained  at  no-load  with  small 
variations  which  might  have  been  expected.  It  will  be  observed 
by  comparing  Fig.  22  and  Pig.  7  that  the  tooth  ripples  are 
smaller  under  synchronous  motor  operation.  One  of  the  im- 
portant results  of  this  series  of  tests  was  that  even  with  heavy 
magnetizing  or  demagnetizing  armature  reactions,  (no  field 
excitation,  or  150  per  cent  or  more  excitation)  the  flux  distri- 
bution did  not  in  any  way  approach  the  ^-curves  obtained  tmder 

S.S.C. 

Other  points  of  interest  have  already  been  considered  in  the 
previous  section  and  as  the  subject  is  not  new  it  will  not  be 
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considered  any  further.  However,  attention  may  be  called  to 
the  e.m.f.  induced  in  the  rotor  search  coils  No.  7  and  8.  The 
e.m.f.  waves  of  these  coils  show  2  9  =  24  small  indentations  per 
cycle  which  are  due  to  the  teeth.  The  e.m.f.  of  full-pitch  coil 
No.  7,  shows  a  large  superimposed  oscillation  which  recurs  every 
B  deg.,  see  Fig.  21,  3rd  wave. 

As  shown  clearly  in  the  supplementary  notes  this  is  due  to 
the  fifth  and  seventh  space  harmonics  of  armature  reaction  and 
as  indicated  in  Table  I  column  5,  -B  =  60  elec.  deg.,  Fig.  21, 
i.e.,  the  periodicity  of  the  superimposed  wave  is  360/60  =  6 
times  machine-frequency,  as  we  would  expect.  The  long  flat 
oscillations  which  repeat  themselves  every  A  =  1080  elec.  deg., 
see  Fig.  5,  and  Table  I  coliunn  4,  are  due  to  eccentric  rotor,  as 
explained  before. 


Fig.  22 

Otcillocram  No.  O  A  36.  Test  No.  106.  Table  VI.  Machine  Y  parallel  connected  and 
run  as  synchronous  motor.  First  wave:  ExJ  —  e.m.f.  induced  in  ezplMing  coil  No.  1 
at  top  of  slot.  Second  wave:  £im  "-  e.m.f.  induced  in  exploring  coil  No.  3  at  middle  of 
slot.  Third  wave:  E^  *  e.m.f.  induced  in  exploring  coil  No.  6  at  bottom  of  slot.  Line 
current  ■•  52.6  lead.     Power  factor  *  0.37  approx.     Compare  to  Pig.  7. 

To  determine  the  armatiu-e  reaction  imder  s.s.c,  experiment' 
ally,  in  terms  of  the  voltages  induced  in  the  stator  coils  the 
writer  resorted  to  the  following  method.  A  contactorV*  having 
a  fixed  space  relation  with  respect  to  the  poles  was  placed  on 
the  machine.  This  closed  a  direct-current  circuit  of  very  little 
inductance  so  that  the  rise  of  current  was  quite  abrupt  and  the 
instant  of  make  well  defined.  See  Fig.  23.  An  exposure  was  first 
made  giving  the  contactor  wave  and  the  open  circuit  e.m.f.  in-' 
duced  in  one  of  the  search  coils.  The  zero  lines  of  both  waves 
were  then  moved,  in  the  same  direction,  and  a  second  exposiore 
was  made  giving  the  contactor  and  search  coil  e.m.f .  under  the 
same  operating  conditions  except  that  the  machine  was  shorts^ 
circuited  at  its  terminals. 

15.  The  contactor  used  is  similar  to  the  one  described    in    Trans., 
A.  I.  £.  £.,  Vol.  34,  p.  2254,  except  for  slight  changes  in  the  de^gn  of  the* 
brush  rigging«> 
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Obviously  it  is  thus  possible  to  determine  accurately  the 
point  on  the  s.s.c.  wave  corresponding  to  any  point  on  the  open- 
circuit  wave.  If  we  designate  by  e/o  the  e.m.f.  induced  in  one 
of  the  stator  coils  No.  1,  3,  or  5  at  no-load  and  given  field  current 


Pig.  23 

OtdUoermm  No.  O  A  72.  TmI  No.  184.  Table  XV.  Bxpotmrt  No,  1.  Ofwn-ctfcuit 
ran  At  6  amp«rM  field  ctimiit  and  M  cydM  per  lecond.  Pint  wave:  contactor.  Third 
wave:  C^b  ■•  :mJ.  induced  in  exploring  coil  No.  0.  at  bottom  of  dot.  Bxpotmrt  No,  2 
Sustained  short  circuit;  eeries  Y  connection  and  under  lame  oonditiona.  Second  wave 
Contactor.     Fourth  wave:    B^b. 

and  speed,  and  by  Cr  the  e.m.f.  induced  in  the  same  coil  tmder 
the  same  conditions  of  speed  and  excitation  but  with  the  machine 
short-circtiited,  we  can,  as  a  fair  approximation  assume  that  e/o 
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Pig.  24 

Ba  curves  •  difference  between  no-load  and  s.s.c.  e.oi.f8.  induced  in  top,  bottom  and 
middle  of  slot  full-pitch  exploring  coils,  Nos.  1. 3  and  5  -•  (H/9-  £r)~~~fi^<l  current  -•3.16 
amperes  ^  periodicity  ■•  62  cycles  per  second  —  Y  series  <ionnsction. 

plus  a  certain  e.m.f.  e^,  which  we  can  charge  to  armature  reaction, 
give  US  the  resultant  e.m.f.  ^. 

Pig.  24  shows  «•  =  (^  —  efi,)  for  the  three  full-pitch  stator 
exploring  coils Jaken][at  a  field  excitation  of  3.16  amperes  and  a 
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frequency  of  52  cycles  per  second;  3.16  amperes  being  the  field 
excitation  necessary  to  send  ftdl-load  current  under  s.s.c.  Fig. 
25  gives  e«  for  a  frequency  of  54  cycles  per  second  and  a  field 
current  of  five  amperes. 

Table  XII  gives  the  wave  analysis  of  e.,  Fig.  25  coil  No.  1, 
and  Fig.  24  coils  No.  1  and  5.  It  is  seen  that  the  3rd  harmonic 
is  21  per  cent  for  five  amperes  field  excitation  and  drops  to 
about  5  and  6  per  cent  at  3.1  amperes  of  excitation.  A  general 
idea  of  the  shape  of  these  f  •  curves  of  armature  reaction  may  be 
obtained  from  Fig.  24a  which  is  an  average  "smoothed  out" 
curve  representing  the  waves  given  in  Fig.  24  for  coils  No.  1 
and  5. 

The  last  two  columns  of  Table  XIII  give  the  wave  analysis  of 
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Fig.  24a 
Aycrags  "Smoothed  Out*'  curve  repretenting  e.m.f.,  Ee  induced  in  coiU  No.  1  and  No.  6 
Pig.  24. 

««  as  obtained  by  subtracting  (1—5)  Table  IV,  from  (//—  1) 
Table  XI.  (/  —  5)  gives  the  wave  analysis  of  the  e.m.f .  induced 
in  coil  No.  1  at  no-load  and  5  amperes  of  excitation,  while 
(//—  1)  gives  the  analysis  of  the  corresponding  wave  of  the 
same  coil  with  the  machine  Y  connected  and  short-circuited. 
Comparing  (//  —  1)  —  (/  —  5)  with  the  wave  analysis  of  f «, 
Table  XII,  it  will  be  seen  that  the  agreement  is  satisfactory. 

The  important  result  derived  from  the  above  is  that  the  s.s.c. 
flux  distribution  is  badly  distorted  primarily  on  account  of  the 
fact  that  the  fundamental  of  the  resultant  flux  is  so  greatly 
reduced  that  the  higher  harmonics  become  quite  predominant. 
For  example,  from  Table  VII,  wave  analysis  (/— '5),  the  3rd  is  seen 
to  be  0.95  volts  which  is  3.75  per  cent  of  the  no-load  fundamental, 
which  is  25.3  volts;  but  it  is  (0.95/1.24)  X  100  =  67  per  cent 
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of  the  s.s.c.  fundamental.  From  wave  analysis  (//  —  1)  Table 
XI,  the  third  harmonic  under  s.s.c.  is  3.99  volts  i.e.,  (3.99/25.3) 
X  100  =  16  per  cent  of  the  no-load  fundamental,  but  (3.94/1.24) 
X  100  =  323  per  cent  of  the  s.s.c.  fundamental.  The  increase 
from  0.95  volts  to  3.99,  on  the  other  hand,  must  be  charged 
mainly  to  the  J?-curve  of  armature  reaction  which  will  be  dis- 
torted, unlike  the  H-curve  producing  it,  which  will  be  sinusoidal 
Turning  to  Table  XII,  consider  wave  analysis  No.  (F  J—  1) 
which  gives  the  coefficients  for  E„  at  five  amperes  excitation 
and  54  cycles  per  second.    The  fundamental  is  seen  to  be  23 


30 

h 

^ 

1 

n/ 

y 

1\ 

-■ 

HCoflNaS,    1 

25 

/ 

A 

y 

f\ 

/ 

r  ■MMie  01  aiot'' 
y  (0A434k48) 

— 

Ai 

^ 

[VJ 

\ 

AT 

■ 

20 

j^ 

1 

\ 

JL 

ri 

1 

Y 

* 

15 

[bfl 

No.!-/ 

Jr 

' 

1 

I  L 

-iiV_ 

n  ^T 

^  % 

Cr 

«m1T 

J-AM 

Bottom  of  Sic 

It 

Nv 

Top  of  Slot 

10 

"^1 

j 

ftf^-       i 

\\\       (UA44) 

1 

J 

mn 

1 

~lM^ 

I 

5 

n^rr\ 

"- 

Coa  Na 5-\ 

J^ 

K^ 

1  , 

t 

' 

V 

0 

^ 

\^^ 

>ttJ 

1  \w 

1 

20 


40 


60  80         100        120 

ELECTRICAL  DEGREES 


140 


160        180 


Pig.  25 

Bs  enrvw->£/o  —  £r  ■■  difforenoo  between  open-dxcuit  and  t.t.c.  e.m.fs.  induced  in 
fnU-pitcii  explofing  coals  Noe.  1,  3  and  5  -  field  current  -  6  amperee — periodieitr  >  64 
cycles  per  second — Y  series  connection. 

volts;  the  3rd  is  21  per  cent  of  e.  but  (60/64)  (6.06/1.24)  XlOO 
equals  460  per  cent  of  the  s.s.c.  ftmdamental. 

In  general,  then,  if  both  the  flux  distribution  at  no-load  and 
the  flux  wave  due  to  armature  reaction  are  distorted  to  the  ex- 
tent of  containing  10  to  20  per  cent  3rd  and  6th  harmoxiACS,  the 
restdtant  s.s.c.  flux  distortion  will  be  badly  distorted,  because 
the  above  harmonics  will  amount  to  several  hundred  per  cent 
of  the  fundamental,  of  the  s.s.c.  wave.  Assume,  for  example, 
that  e/o  and  e^  consist  of  : 

Ist  harmonic  100  per  cent       —  96  per  cent 

3rd        "  10    "       "  10    "      " 

5th        "  6    "      "  6    "      " 
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These  values  are  quite  conservative  as  inspection  of  Tables  VII, 
VIII,  and  XII  will  show,  and  neither  of  the  waves  can  be  said 
to  be  very  distorted.  The  resultant  s.s.c.  flux  distribution  will 
be  equal  to  er  =  («/b  +  «•)  and  the  amplitudes  of  its  1st,  3rd, 
and  5th  harmonics  will  be  5,  20  and  10  or  100.  400  and  200  per 
cent  respectively,  in  terms  of  the  s.s.c.  fundamental.     These 
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Pig.  26 

Illustrating  bow  the  axtromely  distorted  resultant  wave  forms  are  jmnluced  under  sus- 
tained short  circuit. 


are  drawn  in  Fig.  26  and  their  simi,  Cr  is  seen  to  be  extremely 
distorted  and  not  unlike  the  waves  obtained  experimentally 
under  s.s.c. 

It  is  clear  now  why  the  flux  distribution  waves  under  synchron- 
ous motor  operation  deviate  comparatively  little  from  the  no- 
load  curve.  Obviously  at  very  low  voltages  such  as  are  obtained 
under  s.s.c,  the  harmonics  of  the  field  and  armature  reaction 
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will  assume  a  predominant  r61e  (unless  they  happen  to  be  out 

of  phase  by  \  of  their  own  period  and  thus  neutralize  each  other). 

In  Fig.  27  the  angular  spacings  between  different  crests  are 


Fig.  27 

Oacillosram  No.  O  A  68.  Exposun  No.  1.  Pint  wave:  contactor.  Third  wave 
e.m.f.  induced  in  coil  No.  5  at  no  load,  3.1  amperes  field  exaltation,  52  cycles  per  aecond. 
Exposure  No.  2:  Machine  series  Y  connected  and  short-circuited  at  same  excitation  and 
Second  wave:     contactor.     Fourth  wave:     £58.     See  Pig.  24. 


designated,  A,  B,  D,  E  and  F  and  their  values  for  different  kinds 
of  s.s.c.  are  given  in  Table  XIV.  From  this  it  is  seen  that  A 
is  approximately  105  deg.,  or  nearly  equal  to  the  pole-arc,  as 
it  would  be  expected — see  Fig.  26;  £,  Fig.  27,  is  about  75  deg. 


TABLE   XIV. 
Data  relating  to  the  e.m.fs.  induced  in  the  coils  at  the  top  and  bottom  of  difterent  slots 
under  sa.c.  and  the  machine  connected,  series  Y,  series  ^  and  two-phase.     Frequancy 
"  00  cycles  per  second. 


Ncof 

Field 

Bit 

Kinds  of 

A 

B 

D 

B 

P 

oscill. 

amps. 

£|B 

short-circuit 

in  degrees 
see  Figs.  27.  34.  etc. 

202 

4.95 

En 

Y 

105 

51.3 

40 

75.5 

19 

OA88 

5 

filT 

Y 

106.3 

48 

35.6 

65.2 

10 

226 

5 

tlT 

Y  neutral  in 

109 

51 

37 

70 

OA89 

5 

£iB 

Y 

103.2 

50.4 

37.1 

73.6 

10 

OA88 

5 

En 

A 

104.5 

49.7 

41.8 

75.4 

10 

275 

4.9 

BiB 

A 

106.2 

50.8 

39  2 

73.5 

OA89 

5 

£iB 

A 

104.5 

49.3 

36.8 

72.0 

OASl 

4.96 

En 

two-phase 

105 

51.1 

36.8 

72.8 

17.4 

OA86 

4.96 

En 

two-phase 

105.3 

47.8 

48.2 

76.1 

15 

OA82 

4.96 

BiB 

two-phase 

104.9 

52.4 

42.9 

79.2 

10.1 

so  that  (i4  +  £)  =  180  deg.  D  is  nearly  (1/2  E)  but  B  is  less 
than  (1/2  i4);  referring  to  the  theoretical  assumed  curve  «,  of 
Fig.  26,  it  will  be  easily  seen  that  if  the  transverse  armature 
reaction  (due  to  the  active  or  in-phase  component  of  armature 
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current  with  respect  to  the  geometrical  pole-axis)  is  not  entirely 
negligible,  the  peaks  (1)  and  (3)  will  be  unequal,  as  it  is  the  case 
in  actual  oscillograms  Figs.  23  and  27,  etc.  A  little  considera- 
tion will  show  that  the  cross-magnetizing  armature  reaction 


100* 

E.  M.  F.  induced  in  Single  Good. 
OnTopof  Tooth-ej^TY 
On  Top  of  Slot-ep  ^'^ 

Fig.  27a 

0»cUlogram  No.  O  A  76.  Test  No.  188.  Exposun  No.  1.  Open  circuit  run  at  ft  amperes 
field  excitation  and  normal  tpeed.  Pirtt  wave  «  (fieri  —  ficrs)  ■'(e.«n.f.  induced  in 
•ingle  conductor  at  center  of  tooth.  No.  14*  Pig.  3)— (e.m.f.  induced  in  single  conductor  at 
top  of  succeeding  wedge.  No.  13.  Pig.  3).  This  should  be  compared  with  Pig.  14.  Bxposmrt 
No.  2.  S.S.C.  run  under  tame  conditions.  Second  wave:  ficrs.  Third  wave:  ficrr. 
These  two  waves  should  be  compared  with  Pigs.  23,  37,  28a,  etc.,  which  give  the  e.m.fs. 
induced  in  full-pitch  exploring  coils. 

will  not  only  reduce,  say  crest  (3),  Fig.  26,  but  will  shift  crest 
(2)  towards  (3).  Thus  the  angle  B,  between  (2)  and  (3),  Fig. 
26,  will  be  less  than  (1/2^4)  =  angle  between  crests  (1)  and 
(3),  Fig.  27. 

.  Contactor  doMd  (Open-O'nniit) 


Pig.  28 

Oscfllogram  No.  O  A  81.  Test  No.  193.  Tables  XIV  and  XV.  Pirstwave:  Contacto' 
Third  wave:  £it  -  e.m.f.  of  coil  No.  1  at  4.96  amperes  of  field  current,  60  cycles  per  second 
mad  no-load.  Second  wave:  contactor.  Pourth  wave:  fiiT  under  same  conditions 
except  machine  short-circuited  and  connected  two-phase. 


In  Fig.  27  the  different  crests  are  designated  1,  2,  3,  etc.  and 
their  values  in  maximum  volts  for  different  kinds  of  s.s.c.  are 
given  in  Table  XV.  Study  of  this  table  shows  that  for  three- 
phase  Y  or  delta  s.s.c.  the  peaks  on  the  same  side  of  the  zero  line, 
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i.e.,  (1),  (3)  or  (4),  (6)  are  quite  unequal  which  might  have 
been  expected  according  to  the  preceding  paragraph.  Compare 
also  Fig.  27a.  In  case  of  two-phase  s.s.c,  however,  the  corres- 
ponding crests  (1),  (3)  or  (4),  (6)  are  very  nearly  equal.  See 
Fig.  28. 


ftA8&* 


Pig.  28a 

OwaUognm  No.  O  A  80.  Test  No.  201.  Table  XIV  and  XV.  Pint  ware:  Contactor. 
Third  wa^ra:  fi^  «  e.m.f.  induced  in  search  coil  No.  6  under  lustained  ihort  circuit  at 
5  Aiapcrce  field  excitation,  60  cyclee  per  second  and  series  delta  connection.  Second  wave 
Contactor.  Fourth  wave:  £«b  under  same  conditions,  usinc  same  vibrator,  etc.,  except 
machine  series  Y  connected. 


Before  comparing  further  the  s.s.c.  phenomena  with  the  alter- 
nator connected  Y  and  delta,  see  Pig.  28a,  also  Y  with  the  neutral 
in,  and  two-phase,  attention  should  be  called  to  the  fact  that 
the  two-phase  connection  was  only  an  imperfect  one,  the  angle 


Three-phaae  two  -circuit        Two-phase  connection  giving  81.8 
armature*  dsgreee  between  phasee 

Pig.  29 


between  the  phases  being  81.8  deg.  instead  of  90.  This  is  clearly 
shown  in  Fig.  29  which  is  self-explanatory.  Further  as  stated 
in  the  beginning  of  this  section  the  armatiu-e  current  under 
three-phase  s.s.c.  is  sinusoidal,  which  is  not  true  in  this  case  as 
may  be  seen  from  Fig.  4,  first  wave. 
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In  view  of  these  two  discrepancies  it  seems  rather  remarkable 
that  the  general  wave  shapes  of  the  e.m.fs.  induced  in  the  search 
coils  under  two-phase  short  circuit,  Fig.  28,  are  so  similar  to 
those  obtained  with  three-phase  connection,  see  Figs.  23,  27  etc., 
except  for  some  small  differences  which  will  be  considered  pres- 
ently. 

In  all  the  tests  with  two-  or  three-phase  connection  Es^  was 
always  found  to  be  considerably  larger  than  £it  so  that  in 
many  cases  it  was  necessary  to  insert  extra  resistance  into  the 
vibrator  circuit.  It  will  be  recalled  that  this  difference  in  the 
e.m.fs.  induced  in  coils  No.  1  and  5  has  already  been  pointed  out 
in  connection  with  Figs.  7,  20,  22  and  Table  VII  and  IX,  and  it 
has  been  ascribed  to  the  fact  that  the  flux  density  at  a  surface 
botmding  the  bottom  of  the  slots  may  be  larger  and  more 
nearly  perpendicular  to  the  search  coil  conductors,  than  the  flux 


<a 

> 

B. 

<b> 
Fig.  30 

AMumed  flux  diitributioo  at  top  and  bottom  of  dot. 

density  at  the  top  of  the  slotsi  To  illustrate  this  point  quanti- 
tatively, assimie  Fig.  30a  and  30b  to  represent  the  flux  distribution 
at  two  surfaces  bounded  by  the  top  and  bottom  of  the  slots 
respectively.  For  different  values  of  j8,  the  ratio  of  the  1st 
and  3rd  harmonic  of  wave  30b  to  the  1st  and  3rd  harmonic  of 
Fig.  30a,  if  J?t  =  -B,,  is  as  follows;  (-B,  =  flux  density  at 
bottom  of  slot.     Br  =  flux  density  at  top  of  slot). 


0  in  degrees. . . , 
Ratio  of  firtts. . 
Ratio  of  thirds. 


1 

5 

10 

20 

30 

1.022 

1.005 

1 

1.02 

1.11 

1.005 

1.01 

1.005 

1.205 

1.675 

If  J?,  =  (1.09  Bj)  which  is  a  fair  assumption  (see  Fig.  20)  the 
ratios  are  as  follows: 


0  in  degrees. . . 
Ratio  of  firsts. 
Ratio  of  thirds, 


1 

5 

10 

20 

30 

1.115 

1.09 

1.09 

1.1 

1.21 

1.0»2 

1.103 

1.37 

1.31 

1.91 
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Further,  with  all  connections  the  crests  (2)  and  (5)  coltimns 
(7)  and  (10)  Table  XV,  Figs.  23  and  27  are  distinctly  larger  for 
£ia  than  for  En,  Again,  the  amplitudes  of  these  crests  in 
volts  do  not  differ  greatly  for  delta  or  for  Y  connection  but  are 
smaller  for  two-phase  connection.  For  example,  crest  (2)  for 
EiT  is  about  3.7  for  delta  and  it  is  4  volts  for  Y,  but  it  is  only 
about  1.8  or  2.6  for  two-phase  connection.  The  reason  for  this 
will  be  seen  from  Fig.  26  which  shows  that  crest  (2)  is  due 

TABLE   XV. 


Data  relating  to  the  crest  values  of  the  e.tn.ft.  induced  in 

the  stator  search  coils  No.  1. 

No.  3  and  No.  5  under  t.e.c 

;.  with  the  machine  connected  series  Y,  series  A  and  two-phase. 

No.  of 

Field 

Kind  of 

Pre- 

Coil 

Amplitudes  in  i 

max.  volts  of: 

Crest 

Crest 

Crest 

Crest 

Crest    Crest 

oeciU. 

ampe. 

■.■.c. 

quency 

e.m.f. 

(1) 

(2) 

(3) 

(4) 

(5)         (6) 

See  Pigs.  27.  28.  etc. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

902 

4.95 

Y 

60 

^iT 

6.62 

4.01 

7.88 

6.4 

3.7 

7.56 

0A44 

5 

Y 

54 

^IT 

5.45 

3.25 

7.12 

5.6 

3.25 

7.49 

OA8S 

5 

Y 

60 

^It 

7.21 

6.12 

11.24 

7.17 

6.21 

11.24 

OA43 

5 

Y 

54 

E,H 

4.24 

4.24 

9.48 

4.24 

4.69 

9.48 

OA72 

5 

Y 

54 

E\n 

6.43 

5.01 

10.62 

6.3 

5.28 

10.43 

OA80 

5 

Y 

60 

^6" 

7.47 

5.66 

11.75 

6.89 

5.89 

11.64 

275 

4.64 

A 

60 

^|T 

7.86 

3.73 

9.60 

8.06 

3.73 

9.45 

276 

4.9 

A 

60 

bU 

8.34 

6.12 

12.32 

7.92 

6.53 

12.67 

OA88 

5 

A 

60 

eU 

6.20 

3.77 

8.05 

6.2 

3.69 

8.05 

OA89 

5 

A 

60 

£,H 

7.37 

5.98 

11.32 

6.83 

5.98 

11.54 

205 

5  + 

two-phaae 

60 

^IT 

8.23 

2.62 

8.11 

8.11 

3.08 

8.11 

OA81 

4.96 

two-phase 

60 

£t 

7.89 

1.85 

8.32 

7.68 

1.85 

7.89 

OA86 

4.96 

two-phase 

60 

^r 

9.42 

1.95 

9.74 

9  42 

1.95 

9.74 

OA52 

3  16 

Y 

52 

^!t 

3.1 

1.94 

4.08 

3.1 

1.75 

4.37 

OA54 

3.16 

Y 

52 

E,M 

2.52 

2.81 

6.91 

2.71 

2.47 

6.91 

to  the  amplitude  of  the  armature  reaction  which  is  the  same  for 
delta  or  Y  but  it  is  smaller  for  two-phase  connection  (imperfect) 
on  account  of  the  distribution  factor  of  the  winding. 

Taking  everything  into  consideration,  it  is  found  that  the 
e.m.fs.  induced  in  rotor  coils  with  two-phase  connection  are 
fairly  regular;  this  is  further  illustrated  by  wave  analysis  F— 4 
and  F— '5.  Table  XIII  and  also  the  Ca  curves  given  in 
Pig.  31. 

However,  leaving  aside,  for  a  moment,  all  secondary  effects 
it  may  be  well  to  refer  to  a  graphical  explanation  given  by  A. 


Digitized  by  VjOOQ IC 


1182 


DIAMANT:  SUSTAINED  SHORT  CIRCUITS     [June  28 


B.  Clayton.^*  He  considers  an  ideal  alternator  with  no  magnetic 
oscillations  or  secondary  effects,  no  fringing,  etc.;  the  no-load 
field  form  may  then  be  assimied  to  be  rectangular  and  the  arma- 
ture reaction  to  be  portion  of  a  sine  wave  as  indicated  in  Figs. 
-32a  and  32b.  The  resultant  curve  is  given  in  Pig.  32c  which 
resembles  in  general  the  waves  obtained  under  s.s.c.  conditions. 
The  rotor  exploring  coils  under  s.s.c.  show  2  g  »=  24  ripples  per 
cycle  due  to  the  teeth.  See  Table  I,  colimm  6  and  Pigs.  8b 
and  8c.     They  also  indicate  oscillations  which  repeat  themselves 
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Ba  cufTM  ■■  Rfo"  Br  *  different  between  open  circuit  and  ■.«.€.  e.m.ft.  induced  in 
fuU<i>itch  top  and  bottom  search  coila-^field  excitation  «  ft  ampMKei — periodicity  »  60 
rydet  per  second — connection  m  two-phase. 

every  60  deg.  See  column  5.  These  as  already  explained,  are 
due  to  armature  reaction  and  their  jagged  unsymmetrical  shape 
may  be  accounted  for  as  suggested  in  Fig.  33  where  A  and  B 
are  due  to  armature  reaction  and  the  teeth,  and  have  a  frequency 
of  6/  and  24/  =  2qf,  respectively.  Their  resultant  is  seen  to 
be  similar  to  the  E„  waves  Pigs.  8b  and  8c.  In  this  connection 
it  may  be  noted  that  the  long  flat  oscillations  which  have  been 

16.  The  wave  shapes  obtained  with  a-c.  generators  working  under 
steady  short-circuit  conditions.  Journal,  Inst,  £.  £.,  (London),  1916, 
Vol.  64,  p.  34.  This  is  the  first  paper,  so  far  as  I  am  aware,  to  throw  any 
light  on  this  complex  subject. 
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FMdFIoz 


ascribed  to  the  eccentricity  of  the  rotor  disappear  from  the 
Efr  wave  under  s.s.c.  Compare  Figs.  4,  5  and  8.  This  may 
be  explained  if  the  peculiar  flux  distribution  Under  s.s.c.  be 

considered;  taking  this  to  be  ap- 
proximately as  represented  in  Pig.  26 
Cr  wave,  assume  that  at  the  position 
of  minimtun  reluctance  the  area 
designated  by  (A),  under  crest  (1) 
between  a  J,  «  83  =  5  and  C  =  66 
=  area  under  crest  (2)  between  b  c\ 
thus  the  total  net  flux  per  pole  under 
s.s.c.  will  be  166  -  66  =  100  per 
cent.  Next,  at  the  position  of  mini- 
miun  permeance,  asstmie  i4  =  75  =  B 
Pj^   32  ^^^  ^  =,50;  the  net  flux  per  pole  is 

Flux  distribution  curves  of  ideal  again  150  —  50  =  100  per  CCUt.  Ob- 
•alieni-pole  alternator  under  sua.  yio^sly  UUdcr  thCSC  COUditionS  the 
tained  short  circuit  ^  "^  ^  ^  ,   ,  -    , 

e.m.f .  due  to  the  eccentncity  of  the 
rotor  would  disappear.  However,  the  areas  Ay  B  and  C  when 
actually  measured  were  not  in  the  proportion  assumed;  but  it  is 
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Pig.  33 

Theoretical  explanation    of  the  production  of  the  peculiar  e.m.f.  waves  ihown  in 
JPIgS'  8b  and  8c. 

believed  that  some  such  explanation  as  the  one  jtist  given  is 
responsible  for  the  disappearance  of  these  oscillations  which 
occur  once  in  every  revolution  under  no-load  or  synchronous 
motor  operation. 
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The  e.m.fs.  induced  in  rotor  coils  No.  8  and  7  with  two-phase 
connection  are  given  in  Fig.  4  (third  wave)  and  Fig.  34  (first 
wave)  respectively.  E„  =  e.m.f.  induced  in  coil  No.  7,  is 
nearly  3  times  (2.7)  as  large  under  two-phase  s.s.c.  as  it  is  with 
Y  connection.  See  Table  I,  columns  8  and  9.  As  to  Emc  "* 
e.m.f.  induced  in  coil  No.  8,  see  Fig.  34,  it  is  found  to  be  nearly 
6  times  (5.7)  as  large  with  two-phase  s.s.c.  as  with  three-phase 
s.s.c.  Under  synchronous  motor  operation  Fig.  8a,  Etc  is  about 
0.053  at  59.5  cycles  against  0.03  at  50  cycles  with  three-phase 
s.s.c,     Table  I,  Test  No.  165. 

In  short,  the  flux  oscillations  with  two-phase  connection  are 


Pig.  34 

OKiUogram  No.  O  A  86.  Tat  No.  108.  Tablet  XIV  and  XV.  Sustained  ahort  dr- 
cutt  at  4.96  amperes  field  excitation,  and  normal  speed,  two-phase  connection.  First 
wave:  £rc  «  e.m.f.  induced  in  rotor  coil  No.  8.  Second  wave:  Bit  "  e.m.f.  induced 
in  coil  No.  1. 

very  much  larger  than  with  three-phase  connection.  This  is 
believed  to  be  due  mainly  to  the  fact  that  the  two  phases  were 
not  exactly  in  quadratiu-e. 

It  can  be  shown,  (see  Note  C),  that  if  the  angle  between  the 
two  phases  is  (90—  a)  deg.,  (=  81.8  deg.  in  our  case,  see  Fig. 
29),  the  resultant  armature  reaction  will  consist  approximately 
of  (a)  a  regular  travelling  wave  whose  amplitude  is  approximately 
equal  to  the  value  obtained  if  a  =  0.  See  equation  (86).  (6), 
it  will  consist  of  a  wave  in  quadrature  to  the  first  and  travelling 
in  the  opposite  direction  and  at  the  sa:me  speed  but  having  an 
amplitude  (sin  2  a)/2  of  (a).  Hence  it  will  be  seen,  that  neg- 
lecting other  effects,  this  second  rotating  field,  which  is  in 
quadrature  to  the  first  and  maodmum  at  Xi  «  0,  i.e.,  at  the  coil-side 
of  coils  No.  7  and  8,  will  be  responsible  for  the  e.m.fs.  induced  in 
them  under  two-phase  s.s.c.  Further  it  will  account  for  the 
peculiarly  distorted  shape  of  the  E„  wave.     This  is  illustrated 
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in  Pig.  35  where  the  e.m.f.  induced  in  the  rotor  coil  No.  7  is 
assumed  to  be  due  to  HztL,  H%^  and  jFTar,  i.e,,  regular  3rd  space 
harmonic  travelling  wave,  3rd  space  harmonic  due  to  lack  of 
quadrature  and  regular  5th  space  harmonic  travelling  wave. 
See  equations  (69)  and  (62).  The  amplitude  of  these  waves  is 
assumed  to  be  100,  27  and  66  per  cent  respectively,  t.e.,  Ht^ 
=  0.27 i73R  =  (i  sin  4  a),  approximately.  H^j,  =  i?3R  {^f/6f) 
»  0.66  Hsr,  where  (6:4)=  ratio  of  their  relative  velocities 
with  respect  to  the  rotor.     Thus  it  is  seen  that,  Fig.  35  explains 


40         80         120        160        200        240        280        320 
ELECTRICAL  DEGREES  REFERRED  TO  MACHINE  FREQUENCY 

Pig.  35 

Theoretical  explanation  of  production  of  the  peculiar  Erw  wave  under  2-phaae  1. 1.  c. 
See  third  wave  Pig.  4. 

approximately  the  peculiar  shape  of  the  Er/   wave   given   in 
Figs.  4  and  34. 

Finally  considering  the  e.m.fs.  induced  under  s.s.c.  with  Y 
connection,  in  coils  No.  9  and  10,  Figs  3  and  3a,  we  find  these 
to  conform  to  the  general  wave  shape  we  would  expect,  according 
to  the  explanation  given  in  Section  III.  In  Fig.  36,  E-n  at 
no-load  and  at  s.s.c.  is  given  and  it  is  seen  that  both  are  charac- 
terized by  two  prominent  peaks,  and  they  are  quite  similar  to 
each  other  except  for  the  decided  difference  in  shape  between  a 
+  crest  and  a  —  crest.  The  reason  for  this  will  be  clear  if  it 
be  recalled,  as  explained  in  detail  in  Section  III,  that  the  portion 
of  the  wave  between  a  +  and  a  —  crest  is  produced  while  the 
coil  is  under  the  pole-arc;  on  open-circuit  the  portion  of  the 
B-curve  imder  the  pole  is  more  or  less  toothed  and  it  gives  rise 
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to  little  kinks  see  curve  (6),  Fig.  6.  Under  s.s.c,  however,  the 
5-curve  is  very  small  or  even  negative  at  the  middle  of  the  pole 
as  indicated  by  crest  (2)  Figs.  26,  28,  37  etc.  Consequently, 
as  the  coil  passes  from  one  pole  tip  to  the  next  its  enclosed  flux 

Sustained  ,.  ConUctbr  doned       'Gont^rtor  doatA 

Short  circuit  Wmn        (tm  Sujt.  Si.-^  T*»t /on  0;wn  rf   Tpst 

,, -J     . ', 


'  Siirirt-cifeuEi  Wnv? 

Fg.  36 
Oacillogram  No.  O  A  61.  Test  No.  172.  Table  II.  Exposure  No.  1.  Open-circuit 
run  at  60  cycles  per  second  and  4.95  amperes  field  excitation.  First  wave:  contactor 
Third  wave:  Ett  "  e.m.f.  induced  in  concentrated  exploring  coil  No.  10.  on  top  of  tooth. 
Bxpoture  No.  2.  Sustained  short  circuit  with  series  Y  connected  and  same  field  current  and 
si>eed  as  before.  Second  wave:  contactor.  Fourth  wave:  £tt:  This  shows  that 
there  is  no  displacement  in  £tt  wave  under  short-circuit  condition. 

undergoes  considerable  change,  which  produces  the  portion  of 
the  curve  between  a  +  and  a  —  crest,  as  indicated  in  Figs.  36 
and  37. 

Space  forbids  considering  single-phase  s.s.c,  phenomena; 
however,  for  the  sake  of  completeness  it  may  be  stated  that 
from  a  series  of  tests  with  the  machine  delta-  or  Y-connected 


Fig.  37 

Oscillogram  O  A  69.  Test  No.  180.  Sustained  short  circuit  at  5  ami)erea  field  excita- 
tion,  and  frequency  of  60  cycles  per  second.  Y  series  connection.  First  wave:  Ett 
«  e.m.f.  induced  in  coil  No.  10  on  top  of  tooth. 

and  short-circuited  between  two  terminals,  or  one  terminal  and 
the  neutral,  (in  case  of  Y)  the  exploring  coil  e.m.fs.  were  found 
to  be  fairly  similar  to  those  already  described.  The  similarity 
is  rather  striking  when  the  presence  of  complex  secondary  effects 
and  pulsations  of  single-phase  alternators  is  considered. 
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V.  Critical  Resume  and  Conclusions 

It  seems  fair  to  conclude  from  the  above  that  the  sustained 
short-circuit  (s.s.c.)  phenomena  of  alternators  in  spite  of  their 
complexity  and  the  extremely  distorted  wave-forms  to  which  they 
give  rise,  are  amenable  to  the  ordinary  theories  of  synchronous 
generators  as  given  by  Blondel,  Potier  and  others.  It  is  only 
necessary  to  restrict  the  usual  sweeping  simplifying  assumptions 
of  so-called  text-books  in  order  to  arrive  at  some  of  the  general 
results  given  in  the  preceding  pages.  It  has  been  shown  that 
unless  the  field  and  armature  flux  waves  are  sinusoidal  the  result- 
ant field  under  s.s.c.  will  be  badly  distorted,  see  for  example 
Pigs.  23,  27  etc.,  for  the  simple  reason  that  with  the  very  low 
voltages  which  obtain  under  s.s.c.  conditions  the  ftmdamental  is 
so  greatly  reduced  that  the  higher  harmonics  asstune  a  very 
predominant  role.  Starting  with  a  field  flux-wave  consisting 
of,  1st  100  per  cent,  3rd  +  10  per  cent,  5th  +  5  per  cent,  and 
a  corresponding  armature  flux  curve  containing  the  same  har- 
monics with  relative  amplitudes  of  —  95  per  cent,  +  10  per  cent 
and  +  5  per  cent,  the  resultant  flux  distribution  will  be  given 
by  er,  Fig.  26;  this  is  not  unlike  the  actual  s.s.c.  oscillograms 
given  in  Pigs.  23,  28,  etc. 

Purthermore  it  has  been  shown  in  Section  IV,  that  with 
sinusoidal  (in  time)  armatiu-e  currents  the  H-curve  of  armature 
reaction  will  be  sinusoidal,  but  not  so  with  the  J?-ctirve;  the 
latter,  as  is  well  known  will  be  flat-topped  depending  upon  the 
degree  of  saturation,  and  will  further  differ  from  the  H-curve 
in  that  it  will  be  toothed  and  have  different  values,  and  directions 
with  respect  to  the  armature  conductors,  at  a  surface  bounded 
by  the  top  of  the  slots  than  at  a  surface  bounded  by  the  bottom 
of  the  slots.  Thus  it  is  clear  that  from  the  view-point  of  s.s.c. 
phenomena  from  among  the  different  schemes  used  for  obtaining 
"sine-wave  alternators**  the  best  is  the  one  which  attempts  to 
get  to  the  root  of  the  evil  and  obtain  a  sinusoidal  flux  distribu- 
tion, under  the  poles  to  begin  with.  However,  even  then  har- 
monics may  and  will  be  introduced  by  armature  reaction.  It 
is  well  in  this  connection  to  emphasize  the  fact  that  the  -B-curve 
of  armature  reaction  will  differ  more  or  less  from  the  if -curve 
producing  it  for  the  reasons  just  given.  Consequently  the 
elimination  of  the  higher  harmonics  from  the  5-curve  (of  arma- 
ture reaction)  is  very  difficult,  if  not  impossible,  since  even  such 
devices  as  fractional  slots  per  pole  will  avail  little  unless  the  perme- 
ance per  unit  area  across  the  pole  face  is  made  uniform,  constant 
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and  free  from  extreme  effects  of  satttration.  However,  with  a  thor- 
ough understanding  of  the  subject  it  should  be  possible  to  reduce 
the  effects  of  the  B-curve  to  a  negligible  quantity. 

The  magnetic  oscillations  under  load,  no-load  and  s.s.c.  con- 
ditions are  studied  not  only  by  means  of  full-pitch  exploring  coils 
placed  on  the  stator  and  the  rotor  but  also  concentrated  coils 
placed  on  top  of  a  wedge  or  a  tooth  and  having  a  pitch  equal 
to  a  slot-pitch  or  fraction  thereof.     See  Figs.  3  and  3a. 

The  principal  oscillations  observed  are: 

(1)  Those  due  to  the  teeth;  taking  the  amplitude  (a),  Fig.  13  as 
100  per  cent  for  the  coil  No.  1  on  top  of  the  slot,  we  find  (a)  to 
be  107  per  cent  for  coil  No.  3  and  108  per  cent  for  coil  No.  5. 
On  the  same  basis  of  percentages,  (</),  Fig.  13,  is  24,  31  and  32 
per  cent  respectively  for  the  same  coils.  See  Fig.  7.  These 
oscillations  (due  to  the  teeth)  decrease  under  synchronous  motor 
operation.     Compare  Figs.  7  and  22. 

(2)  Oscillations  due  to  the  eccentricity  of  the  rotor.  These  have  a 
frequency  of  (l//>)  machine-frequency, or  one  cycle  per  revolution. 

(3)  Oscillations  due  to  armature  reaction  and  having  a  frequency 
of  6  times  and  4  times  machine-periodicity  in  case  of  three- 
phase  and  two-ph£ise  connection.  It  seems  rather  remarkable 
that  oscillations  (2)  disappears  under  s.s.c;  an  explanation  of 
this  is  given  on  p.  1183. 

(4)  Oscillations  due  to  the  pulsations  of  magnetic  reluctance 
caused  by  the  salient-pole  construction  of  the  machine.  These 
are  best  illustrated  by  means  of  exploring  coils  placed  on  top  of 
a  slot  and  on  top  of  a  tooth  and  having  a  pitch  equal  to  that  of 
a  tooth.  See  Figs.  10,  11,  etc.  These  oscillations  are  analyzed 
in  detail  in  Table  II  and  it  is  seen  that  the  e.m.f.  induced  in  a 
concentrated  coil  on  top  of  a  tooth  is  about  twice  as  large  as 
the  e.m.f.  induced  in  an  exactly  similar  coil  placed  on  top  of  a 
wedge:  These  oscillations  are  studied  in  detail  and  they  give  a 
clear  idea  of  the  flux  distribution  under  actual  running  conditions, 
which  are,  of  course  very  important  from  the  point  of  view  of 
iron  losses  etc.  In  this  connection  it  is  well  to  call  attention  to 
the  methods  of  analysis  and  investigation  followed  in  this 
research;  guided  by  a  simplified  general  mathematical  theory 
the  flux  pulsations  and  oscillations  were  separated  and  analyzed 
by  taking  oscillograms  of  the  e.  m.  f.*s  induced  in  different 
stator  and  rotor  exploring  coils  as  explained  in  detail  in 
Section  I. 
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Certain  pecularities  and  differences  between  the  e.m,fs.  induced 
in  search  coils  at  the  top  and  bottom  of  slots  are  considered  and, 
at  least,  tentative  explanations  are  given.  For  these  the  reader 
can  consult  sections  III  and  IV. 

In  regard  to  different  kinds  of  short  circuits  it  is  shown  that 
there  is  practically  no  difference  between  s.s.c.  phenomena  with 
the  machine  connected  delta,  Y,  and  Y  with  the  neutral  in. 
This  might  have  been  expected  considering  the  elimination  of 
triple  frequency  circulating  currents  due  to  the  |  pitch  armature 
winding.  In  case  of  two-phase  connection,  however,  the  arma- 
ture current  is  not  as  sinusoidal  as  with  three-phase  connection ; 
the  variational  e.m.fs.  induced  in  the  rotor  coils  under  s.s.c. 
show  very  peculiar  wave  distortion  as  seen  from  Fig.  34,  first 
wave,  etc.    An  explanation  of  this  is  indicated  in  Fig.  35, 

Before  concluding  these  remarks  it  may  be  well  to  call  atten- 
tion to  the  bearing  of  the  results  given  in  the  paper  upon  what 
are  considered  standard  methods  of  testing  large  alternators. 
The  thorough  understanding  of  the  underlying  facts  and  the 
collection  of  quantitative  data  on  the  subject  for  salient  as  well  as 
non-salient  pole  generators  will  throw  a  great  deal  of  light  on 
efficiency  tests,  cyclic  heat  run  tests,  short-circuit  load  loss 
tests,  phase-shifting  or  feeding  back  method  of  load  tests,  etc. 
In  such  tests  the  flux  distribution  and  the  flux  density  at  different 
points  of  the  magnetic  circuit  is  of  considerable  importance. 
It  seems  to  the  writer  that,  in  such  cases,  even  if  it  be  extremely 
difficult  to  devise  tests  and  means  of  predetermining  by  calcula- 
tion certain  characteristics  of  the  machine,  without  actually 
loading  it,  it  is  very  desirable  to  know  and  understand,  as  well 
as  possible,  the  internal  reactions  so  that  proper  rational  allow- 
ances may  be  made.  In  any  case,  the  detailed  analysis  of  these 
phenomena  seems  to  be  a  step  in  the  right  direction,  and  although 
the  application  of  such  information  to  design  and  test  problems 
does  not  fall  within  the  scope  of  this  paper,  it  may  be  well  to 
give  a  simple  quantitative  illustration  of  it. 

Assume  that  the  open-circuit  core  loss  of  an  alternator  is 
2.8  per  cent  of  its  rating  and  that  half  of  this  can  be  charged  to 
hysteresis  and  the  other  half  to  eddy  current  loss;  let  the  s.s.c. 
test  loss,  excluding  friction  and  windage,  be  1.5  per  cent.  Ac- 
cording to  the  ordinary  assumption  that  the  flux  distribution 
imder  s.s.c.  is  sinusoidal  and  10  per  cent  of  the  open-circuit 
value  the  hysteresis  loss,  Pk  and  the  eddy  current  loss,  P,  will  be: 
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'-.-(¥)  r-r)"(-f) 

=  0.035  per  cent 

=  0.014  per  cent 

Consequently,  P*  +  P.  =  0.049  per  cent. 

Next  assume  that  the  fundamental  is  5  per  cent,  the  third 
harmonic  is  15  per  cent  and  the  fifth  10  per  cent ;  these  are  fair 
and  very  conservative  values  according  to  the  restilts  of  this 
investigation.     Then, 

•■  0.114  percent 
and, 

„       /2.8\     /0.05^/\*.   /0.15.B.3A'.   /0.1QB.5f\ 

^'  =  (-2-)  •  (-bt~)  +  \—BT~)  +  V~b7~; 

=  0.46  per  cent 

hence,  (P*  +  P.)  =  0.564  per  cent. 

Thus  according  to  the  usual  sissumption  (P*  +  P,)  under 
s.s.c.  tests  is  negligible,  being  (0.049/1.5).  100  =  3.3  per  cent, 
nearly,  in  this  example.  But  if  we  take  the  actual  flux  distri- 
bution under  a  s.s.c.  test  into  consideration,  and  assimie  the 
very  conservative  values  taken  above  for  the  3rd  and  5th 
harmonics  of  the  flux-wave,  we  find  that  the  eddy  current  and 
hysteresis  losses  amount  to,  (0.564/1.5).  100  =  38  per  cent, 
nearly,  of  the  total  s.s.c.  test  losses,  i.e.,  the  iron  losses  are  not 
necessarily  negligible. 

Finally  it  seems  almost  unnecessary  to  call  attention  to  the 
necessity  of  standardizing  our  terminology.  In  specifications  or 
technical  papers  and  discussions  it  is  only  fair  that  in  case  of 
least  ambiguity  some  qualifying  term  be  used  to  specify  the 
kind  of  short  circuit  implied.  The  words  * 'sudden**  and  "sus- 
tained" seem  suitable.  However,  the  question  of  importance 
is  that  we  should  appreciate  the  great  difference  between  these 


Digitized  by  VjOOQ IC 


19181  DIAMANT:   SUSTAINED   SHORT  CIRCUITS  1191 

two  important  and  complex  phenomena  of  sudden  and  sustained 
short  circuits  and  never  leave  any  doubt  as  to  which  one  is 
meant. 

In  conclusion  it  is  a  pleasure  to  the  author  to  acknowledge  his 
indebtedness  to  the  authorities  of  the  Rice  Institute  for  the 
facilities  afforded  and  particularly  the  moral  support  they  have 
lent  him.  He  is  also  glad  to  take  this  opportunity  and  acknowl- 
edge the  conscientious  and  very  able  assistance  of  Mr.  J.  S. 
Waters,  Jr.,  of  the  Class  of  1917. 

SUPPLEMENTARY  NOTES 

Note  A.    General  E.M.F.  Equations 
1.  E.M,F.  Induced  in  Stator  Search     Coils.      As    explained 
in  the  e.m.f.  equations. 

e.-Ni*  (1) 

it>  may  be  and  is  usually,  a  function  of  the  time  /,  as  well  as  the 
position  X  of  the  coil  with  respect  to  the  pole.     Thus, 

^     /JL    \        ^^        dx     .    b<l>        dt 


But,  0(x.o  =    I   Bix,t)'ldx  (3) 

whence, 

e 


(4) 


™  ^motional  +  ^variational 

Strictly  speaking,  0  =    I  £  (2a.  cos  (-B,  da),  where  da  =  Idx 

=  element  of  area  at  which  the  flux  density  is  -B,  and  cos  (B,  da) 
=  cos  d,  is  the  angle  between  the  vector  B  and  the  normal  to 
the  elementary  surface  da;  cos  d  is,  of  course,  ordinarily  neg- 
lected, except  where  methods  of  vector  analysis  are  used. 
In  otir  attempt  to  explain  certain  phenomena,  we  shall  find 
it    necessary    to    take   account   of   this — which   at  first  may 
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Seem  an  unnecessary  refinement.    Thus  strictly  (4)  shotild  be 
written: 


e  =  -Nlv     ^ 


5* 


r  j  5  d*  cos  Ol  -  i\r/  -^  r  j  5  d*  cos  el 


(4a) 

~~  ^rotational   "r  ^variatioDal 

By  means  of  (4)  or  (4a),  which  are  quite  general,  it  is  easy  to 
obtain  expressions  for  the  rotational  and  variational  e.m.fs. 
induced  in  any  of  the  stator  or  rotor  coils.  Assuming  the  flux 
under  the  pole  to  be  symmetrical  with  respect  to  the  interpolar 
axis,  we  can  write, 

B  =  r^i,  sin  (t  -^  j  +  Btm  sin  ^3  w  -^^  +  etc. 

+  Bi«  cos  (w  -^)  +  5,^  cos  (3  T  -^  )  +  etc.]      (6) 

The  rotational  e.m.f .  induced  in  a  stator  coil  of  N  concentrated 
turns  and  having  an  active  length  of  /  cm.  will  be: 

eroi.si.  ^-Nlv-^    \{Bdx)  (6) 


Xi 

NlvB  =  2NlvlBi„sm(-y-ir  Wetc.j 


(7) 


since  according  to  the  assiunption  made  in  (6)  even  harmonics 
are  absent,  and  in  case  of  a  full-pitch  coil  5  at  Xi  =  —  B  at 
(^1  +t).  For  a  short-pitch  coil  (7)  must  be  multiplied  by  the 
pitch  factor. 

In  order  to  find  expressions  for  the  variational  e.m.fs.  let  us 
make  the  assumption  that  the  flux  variations  are  sinusoidal. 
This  is  a  very  convenient  assumption,  since  our  equations  already 
involve  sine  functions,  and  it  is  reasonably  correct,  £is  indicated 
by  experience,  because  we  are  dealing  with  a  correction  term 
to  be  added  to  the  comparatively  large  rotational  e.m.f.  Thus 
if  2  g  =  number  of  slots  per  pair  of  poles,  />,  and  (J/p)  =  speed 
of  the  machine  in  rev.  per  sec,  obviously,  2  q  (J/p)  will  be  the 
niunber  of  slots  per  second  passing  a  given  point  xi;  this  will  set 

17.  S.  J.  Barnett,  Electromagnetic  Theory,  pp.  333  to  340. 


Digitized  by  LjOOQ IC 


10181         DlAMANT:  SUSTAINED   SHOkT  CIRCUITS  1193 

up  an  oscillation  of  small  amplitude  and  of  frequency  2g/, 
which  will  be  expressed  in  mathematical  symbolism  by: 

Bpui  =  -B  ( 17  cos  (2  g  w  0  )  (8) 

Neglecting  the  higher  harmonics  of  the  B  curve,  see  (6),  we  get, 


L(5^)  =-i,5,23«fsm(-|-  ir)  j(sin(2«w0) 


5^»  =  »»5,(sin(^^ir)   )(cos(22w0)  (9) 

whence, 

-|^(5^)  =-1,5,23  «(  sin  (-^  ir)   |(sin(2«w0)  (10) 

and  according  to  the  second  term  of  the  right  hand  member  of 
(4)  the  variational  e.m.f.  is  proportional  to: 

J^f  <f*  =  —  11  5i 4 g  6> (cos T J  (sin  2 g  (i> /) 
Ot                                                       T       \             T  /  (H) 

X 

To  find  the  e.m.f.  induced  in  any  armature  conductor  it  must 
be  remembered  that  owing  to  the  relative  movement  between 
armature  and  field, 

x  =  V  /  =  {2w  r)  (r.p.s.)  / 

=  2(^'')(r.p.s.)/-(2r/)/=-(w-I:-)/     (12) 

where  r  =  radius  of  rotor,  so  that, 

epui.si.    ^-Nl  -^    I  Bdx 

^  ^Nl  -^  qcD    riBi  (cos  w  0  (sin  2q(at)       (13) 

=  4  iV  /  2  6) 1;  Bi  [sin  (2  g  w  +  1)  w  / 

+  sin  (2  fi  -  1)  6)  /]  (14) 

To  find  analytical  expressions  for  the  static  or  variational 
e.m.f.  in  an  armature  conductor  due  to  the  to-and-fro  swing  of 
the  flux,  we  shall  assume  that  the  B-curve  is  constant  in  mag- 
nitude, but  it  moves  across  the  pole-face  according  to  simple 
harmonic  motion,  at  a  frequency  of  2qf.  Hence  neglecting 
the  higher  harmonics  of  (6)  we  may  write, 

5sw  =  ^1  fsin  -^  (x  -  €  sin  2  g  w  /)  J  (15) 
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where  2q  (a  is  the  angtilar  velocity  and  €  the  amplitude  of  the 
variations. 

Differentiating  (16)  with  respect  to  /  and  making  the  reasonable 
assumption  that, 

cos  ( 6  sin  2  g  (0  /)  =  1,  and 

sinu 6'sin  2  g  w  /  j  -  €  (sin  2q  co  t) 


we  obtain: 


j^  «  -  5i  fcos  -^  (3c  -  €  sin  2  g  w  /) J 

12  €  g  CO  -^  cos  2  g  w  n  (16) 


and 


J 


2-1251  d  X  =  [4  6  5i  g  CO  COS  (2  g  (0  /)] 


I  sin {x—  6  sin  2  g  CO  0  cos ir  I 


(17) 


As  before,  to  find  the  variational  e.m.f.  in  a  given  armature 
conductor  due  to  the  flux-swing,  substitute. 


=  (2/T/)  =  (co-^/) 


Thtis, 

esw.st,  =  —  4  iV  /  g  CO  (6  Bi)  (cos  2  g  co  /) 

[sill  (co  /  —  6  sin  2  g  CO  0  cos  o)  t] 

^-4Nlqu)  (eBi)  r{sin(2g  +  /)  co/- sin (2g- /)  co /} 

-  i^  sin:(4g+  1)  CO/ +  sin  (4  g-  1)  co/l](18) 

2.  E.M.Fs.  Induced  in  Field  Exploring  Coils,  Equation  (7) 
gives  the  rotational  e.m.f.  induced  in  a  coil  of  N  concentrated 
turns  having  a  relative  speed  v  with  respect  to  B.  Evidently 
this  is  zero  for  a  coil  placed  on  the  rotor,  and  therefore, 

ema,r.  -  0  (19) 
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To  find  the  variational  e.mi.  due  to  flux  pulsations  in  a  field 
(rotor)  search  coil  whose  coil-side  is  at  any  point  Xu  simply 
substitute  jc  =  a:i  in  (13).     Thus, 

ejs:;  =  4  iV  i  2  w  (n  Bi)  cos  ( -^  xA  (sin  2  g  « t)       (20) 

Similarly  from  (17)  and  (4)  we  get, 

es^.r.  ---Nl^l  B'dx 

=  4Nlqo)  (cBi)  (cos  2q(>>t) 
I  i  sin  ( afi  —  (6  sin  2  g  «  0  )  [  cos xi  J    (21) 

For  coils  No.  7  and  8,  Xi  =  0,  whence  we  obtain  directly  (22) 
and  (23)  from  (20)  and  (21)  respectively,  as  given  in  the  first 
part  of  the  paper: 

esw.r,   ^  2 Nlq  09^ Bisin  (4 q  09 1)  (22) 

and, 

epui.r.  ^  4Nlqu>iiBism{2q(j^t)  (23) 

Note  B 
1.  Theoretical  InoesUgation  of  Armature  Reaction,  Make  the 
reasonable  assumption  (as  shown  on  p.  1163)  that  the  armature 
current  under  s.s.c.  is  sinusoidal  (with  respect  to  time).  Further 
assume  that  the  armature  winding  of  say,  a  three-phase  alter- 
nator is  sinusoidally  distributed  (in  space)  as  schematically 
represented  in  Fig.  17.  If  one  of  the  phase  windings  were  sup- 
plied with  direct-current  the  magnetic  field  intensity  H,  at 
any  point  Og„^  geometrical  space  radians  or  x  centimeters,  from 
the  axis  of  reference,  see  Fig.  17,  would  be, 

Hl'=  7  Id.c,  (iVma.  cos  P  $,„)  =  7  Id,c.   Nn.^  COS  (^-t)         (24) 

where,  y  «=  constant,  and  / Tf)  =  p  dg„  =  electrical  space 

radians.     Similarly  for  the  other  phases: 

Hi'^^  Y/i.c.iV«cos(-^  ir)«  7/d...^mCOs(|— |-)ir 

H/''=7/i.c.iV«cos(-^ir)«7/i...^«cos(|---y)i! 


(M) 
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When  these  windings  are  supplied  with  balanced  three-phase 
currents  the  resultant  field  intensity  due  to  armature  reaction 
will  be: 

Hi'  =  7  [/«  cos  w  fl  TNn,  cos  ^  wl  (26) 

Hi"  =  7  [/m  cos  («  ^  -  -|-  ^)]  [^-  COS  (f  -  4  ^)]  (27) 

Hi"'  =  7  I^J^  cos  ((0  /  -  -|~  ir)]  [iV«  cos  (f  ^  -|  ^)]  (28) 

whence  by  trigonometry, 

H  =  H/ +  Hi"  +  i?/"  -  -|-H^cos(co/-  -^ir) 

2  \  r        /      (29) 

=    -g^    7/mCOS^(0/-^-^    Tj 

This  gives  the  resultant  field  intensity  due  to  armature  reac- 
tion and  it  will  be  recognized  to  be  the  well  known  equation  of 
a  travelling  wave  which  is  a  function  of  the  time  t,  as  well  as 
the  space  position  x,  and  whose  maximum,  H«,  occurs  when 

o)  /  =  ( TT 1 ;  in  other  words,  whose  maximum  Hm  travels 

at  a  speed  (x/t)  =  (wt/tt)  =  (2/r),  which  is  the  peripheral 
speed  of  the  rotor.  See  (12).  Next,  consider  the  case  of  N 
conductors  per  slot  and  one  slot  per  pole  per  phase  carrying 
Idc'  amperes.  Evidently,  as  indicated  in  Fig.  18  the  field 
intensity  H,  will  be  rectangular  in  shape  and  may  be  represented 
by  the  series: 

H  =  -i-  F«  [sin  (-^  ^)  +  -y-  sin  (s  ^  ir)  +  .  .](S0) 

Equation  (30)  takes  the  place  of  (24)  and  similar  expressions 
can  be  written  out  for  the  other  phases,  corresponding  to  (26) 
and  (26).  However,  without  going  any  further  into  this,  suffice  to 
call  attention  to  the  references  given  in  foot-note  (IS)  and  state 
that  if  the  non-sinusoidally  distributed  winding  represented  in 
Fig.  18,  be  supplied  with  balanced  alternating-current  instead  of 
direct-current,  expressions  exactly  analogous  to  (26),  (27) 
etc.  will  be  obtained.  Combining  these  trigonometrically,  we 
get  (32),  (33)  etc  which  were  given  in  the  first  part,  in  section  IV. 
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2.  E.M.F.  Induced  in  Rotor  and  Stator  Exploring  Coils  by  the 
Armature  Re(Ution.  It  is  a  simple  matter,  now  to  obtain  general 
expressions  for  the  e.m.fs.  induced  in  the  different  search  coils, 
if  we  assume  that  the  B-curve  is  sinusoidal;  the  rotational  e.m.f. 
of  a  stator  coil  whose  coil-side  is  at  a  fixed  distance  Xi  from  the 
origin,  see  Fig.  6  will  be  according  to  (4) : 

eroi.st  ^-  Nlv-^    I   Bdx  (36) 

=  -  Nl(2fT)  ^    j  y  5.COS  (o)^-  ^'  t)  'dx  (37) 

=  -  iVi  (2/t)  (-|-  B.)  COS  (w  /  -  -^  t)         (38) 

This  is  a  sinusoidal  e.m.f.  of  fundamental  frequency  and  having 
a  phase  angle  (  — ^  w  j  with  respect  to  the  origin. 

The  fifth  space  harmonic  of  armattire  reaction  will  give: 
2/t        d 


erat.si.    -  -  iV/  -g-         ^^ 


r^5.cos(co/  +  ^T) 

(39) 


=  -  iV/  ?il  .  -|-  Ba  cos  (co/  +  ^  tt)  (40) 

i.e.,  an  e.m.f.  of  fundamental  machine  frequency  and  having  a 
phase  angle  (6  xi/r)  w  with  respect  to  the  origin.  Similar 
expressions  may  be  derived  for  all  other  harmonics. 

However,  as  already  explained,  the  sinusoidal  H-curve  pro- 
duced by  the  armature  reaction  will  give  rise  to  a  distorted 
-B-curve.  This  will  produce  in  the  stator  coils  a  motional  e.m.f. 
which  will  contain  higher  time  harmonics.  To  find  analytical 
expressions  for  these  e.m.fs.  (due  to  a  distorted  gliding  or 
rotating  B-curve)  it  will  be  convenient  to  assume  the  5-curve 
as  stationary  and  the  exploring  coils  revolving  at  the  same 
speed  in  the  opposite  direction.  In  this  manner  the  problem 
is  reduced  to  the  one  already  considered  in  Note  A,  and  it 
seems  hardly  necessary  to  derive  equations  for  them  here. 

As  to  the  e.m.fs.  induced  in  the  rotor  search  coils  (due  to 
armaturi?  reaction),  it  i^  cl^ar  that  the  fundamental  travelling 
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wave  given  by  (32),  will  induce  no  e.m.f.     The  3rd  harmonic 
will,  of  course,  be  zero  for  a  three-phase  machine.     See  (33). 
To  find  the  motional  e.m.f.  induced  in  a  rotor  coil  due  to  the 
fifth  space  harmonic  -Bg, 

Bg  =  (1/2)  Ba  cos  (o)  /  +  5  jc  tt/t)  (41) 

it  must  be  remembered  that  x  increases  at  the  rate  of  2/r  with 
respect  to  the  rotor.     Thus  substituting  in  (41), 

(0  /  ==  T  x/r  =  (ir/r)  2/t  t  (42) 

we  obtain, 

Bi=  (3/2)  Ba  (cos  6(0/)  (43) 

Similarly, 

Bj  =  (3/2)  5a  (cos  6  (oO  (44) 

That  is,  the  5th  and  7th  space  harmonics  though  of  fundamental 
frequency  with  respect  to  the  stator  are  of  sextuple  frequency 
with  respect  to  the  rotor.  This  will  be  clear  when  it  is  considered 
that  the  5th  space  harmonic  glides  backward  at  a  speed  (2/r/5) 
while  the  seventh  travels  forward  at  a  speed  (2  fr/7) .  Assuming 
for  convenience  the  rotor  as  stationary,  it  is  evident,  that  the 
relative  speed  between  the  rotor  and  these  gliding  fields  will  be: 


and 


2/,-(+?f-).e(?f)  («) 


respectively.  The  pole  pitches  Tj  and  T7  of  the  fifth  and  seventh 
fields  are  (t/5)  and  (t/7),  and  the  corresponding  number  of 
pairs  of  poles  are  5  p  and  7  p  respectively.  Consequenty  the 
frequency  of  the  e.m.fs.  induced  in  a  rotor  coil  by  them  will 
be: 

/,  =  (r.p.s.),  (/.,)  =  (speed), (^)  (5  p)  (47) 

Similarly  for  the  7th  space  harmonic, 

In  general  for  the  (6  n  —  1)  ih  space  harmonic  which  travels 
backward  with  respect  to  the  fundamental, 
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/(6-1)  »  6  n (2r//(6 n -  1))  ((6 n -  1)  p/2r p)^6nf        (80) 

and  for  the  (6  n  +  1)  /  A  harmonic, 

/(6«+i)  =  6  n  (2t//(6  n  +  1))  (  (6  n  +  1)  P/2t  p)  ^  6nf  (61) 

Thus  the  11th  and  13th  will  give  rise  to  rotor  e.m.fs.  having 
periodicities  of  12/,  and  so  on  for  the  others. 

In  case  of  two-phase  alternators  the  3rd  and  5th  will  give 
rise  to  e.m.fs.  of  (4.  machine  frequency).  The  seventh  and 
ninth  will  produce  e.m.fs.  of  (8.  machine  frequency),  etc. 

However,  as  shown  by  the  oscillograms  given  before,  the 
rotor  search  coils  indicate  only  pulsations  having  periodicities 
of  6/  in  case  of  three-phase  connection  and  4/  in  case  of  two- 
phase  connection.  In  concluding  this  note  attention  may  be 
called  to  the  fact  that  the  above  analysis  of  armature  reaction 
and  the  e.m.fs.  induced  by  it  in  the  stator  and  rotor  coils  is 
applicable  to  induction  motors;  as  a  matter  of  fact  it  is  a  little 
difficult  for  the  writer  to  understand  why  standard  texts  do  not 
treat  armature  reaction  in  alternators  etc.  in  exactly  the  same 
way  as  the  rotating  fields  of  induction  motors,  as  it  has  been 
done  above,  because  it  is  more  convenient  and  lends  itself 
better  to  the  derivation  of  quantitative  expressions  for  the 
e.m.fs.  induced  in  the  stator  and  rotor  by  armature  reaction 
alone. 

Note  C.     Direct  Component  op  Armature  Reaction  op  an 
Imperpect  Two-Phase  Alternator 
As  already  explained  in  detail  the  resultant  magnetic  field 
intensity  due  to  balanced  two-phase  currents  flowing  through 
sinusoidally  distributed  two-phase  windings  will  be  given  by: 

H/  =  iIi'-fH/'»H.[|    cosco/   I     |cos(-~-t)| 

+   |eos(co/  +  -f)}|cos(^x-f^)[]      (62) 
Now  in  case  of  an  imperfect  machine  which  has  a  displacement 

between  phases  of  ( — ^ a\  deg.  instead  of  -o~»  ^^®  ^^"^  ^^ 

Hi'  and  Hi''  wiU  be: 
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H,  =  ff,[{cosco<)    |cos(-^ir)| 

+   icos  (« <  +  -|-  -  a)  II  cos  (^  IT  + a)  }  ]  (63) 

=  H,  f-g-  cos  (« <  +  ^  «■  j  +  Y  cos  f  « <  -  -^  «•  j  - 

I  cos  (« <  +  -^  IT  -  2  a)  +  y  cos  (w  <  -  -^  t)]      (64) 

-r^H^°("'+F-)i+H("'-f')n 

(88) 

or  approximately, 

(M) 

=  regtilar  fundamental  (space)  wave  gliding  forward + a  second 
wave  due  to  lack  of  quadrature,  and  gliding  backwards. 

Further  it  can  be  shown,  as  it  was  explained  in  Note  B,  that 
with  ordinary  non-sinusoidally  distributed  windings,  supplied 
with  alternating  current  of  fundamental  frequency,  (with  respect 
to  time)  there  will  be  a  3rd  space  harmonic  of  the  form,  Hz 
-  Hz'  +  Hz", 

Hz  -  Ha  [{cos  (w  /))  jcos  (~  tt)  1 

+  |eos(a,/  +  ^>a)}jcos(A^.  +  ^-3a)[] 

(57) 

Translating  (67)  into  words  we  shall  find  that  it  simply  repre- 
sents the  field  intensity  due  to  a  current  of  fundamental  pulsa- 
tion 0)  flowing  through  the  3rd  harmonic  of  a  non-sinusoidal 
winding.    Simplifying  this  equation,  we  get, 
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+  h("'-¥')H(i-^"n 

or  approximately, 

+  (  sin  ( ci)  ^  +  -~^  irj  Wy  sin  4  a j 

+  /^sin  (co  /  -  -^  ir)^  (i-  sin2a)]  (69) 

=  HsR  +  ff»«  +  H,i« 

=  regtilar  third  space  harmonic  travelling  backward  at  a 
speed  2/t/3.  +  a  second  wave  due  to  lack  of 
quadrature  and  in  quadrature  to  the  first  and 
travelling  in  the  same  direction  and  at  the  same 
speed  as  the  first.  +  a  third  wave  due  to  lack  of 
quadrature  and  in  phase  with  the  second  but  travel- 
ling forwards,  at  the  same  speed  as  the  first  two. 

If  desired  the  third  wave  in  (69),  -ffji",  may  be  neglected, 
and  J7|  be  taken  equal  to  HtR  and  H^^, 

Exactly  as  before  for  the  5th  space  harmonic,  due  to  a  sine 
wave  of  current  of  fundamental  pulsation  (w  =  2  ir/),  we  have, 

H,  =  H.  [{cos  (w/)}  I  cos  (.^  t)  [ 

+  1^  (,,  + -|._  „)  J  |c«  (IfL  ,  +  ^  -  5a)  }] 

(80) 
Simplifying  this,  we  find, 
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—   jsin/w/H ttU    (.-^•sineaj- 

_  |sin(«/-  -^7r)[   |-i-.sin4a[] 

or  approximately, 

Hi  ^  Hal  cos  I  (at t) 

—  I  sin  ( CO  /  H Tj  I  — ^  •  sin  6  a 

—  I  sin  ( (0  /  —  Tj  I  —^  '  sin  4  a  I 


(61) 


(62) 


=  Hsr  +  Hi^  Hii^ 

=  a  regular  fifth  space  harmonic,  travelling  forward  at  a 
speed  2/r/5.     +  a  second  wave  in  quadrature  to  th« 
first  and  travelling  backward  at  the  same  speed. 
+  a  third  wave  in  quadrature  to  the  first  and  gliding 
forward  at  the  same  speed. 
As  in  (69)  H^  may  be  taken  equal  to  {Hg^  +  H^^)  and  the  third 
wave  be  neglected.     Similar  expressions  for  other  space  har- 
monics may  be  derived  by  exactly  the  same  procediu'e.     Ftirther- 
more,  in  all  the  above  we  have  asstuned  the  current  to  be  of  the 
form  /m  cos  <a  t.     If  the  current  contains  higher  time  harmonics 
the  resultant  armature  reaction  may  be  found  in  a  similar  manner. 


Digitized  by  VjOOQ IC 


1918]  DISCUSSION  AT  ATLANTIC  CITY  1203 

Discussion  on  "Sustained  Short-Circuit  Phenomena  and 
Flux  Distribution  of  Salient-Pole  Alternators" 
(Diamant),  Atlantic  City,  N.  J.,  June  28,  1918. 

F.  D,  Newbury:  To  a  considerable  extent,  this  paper  appears 
to  cover  the  same  ground  as  the  paper  by  A.  E.  Clayton  on 
"Wave  Shapes  of  A-C.  Generators  with  Steady  Short-Circuit 
Conditions,"  presented  before  the  British  Institution  in  1915. 
The  latter  paper  has  an  important  advantage  in  that  it  shows 
the  current  waves  and  flux  distributions  of  a  number  of  different 
generators  having  a  considerable  range  in  size  and  of  commer- 
cial design.  This  English  paper  treats  this  complex  subject 
in  a  very  clear  and  simple  manner  by  showing  the  close  corres- 
pondence between  theoretical  curves  derived  by  graphical 
methods  and  the  oscillograms. 

The  greater  part  of  Prof.  Diamant's  paper  is  concerned  with 
the  results  from  a  single  45-kv-a.  generator,  whose  design 
proportions  are  not  givep.  In  considering  these  results,  it 
cannot  be  too  strongly  emphasized  that  the  significance  of 
the  various  curves  depends  entirely  upon  the  detail  design 
proportions  of  the  generator,  and  the  location  and  spread  of 
the  search  coils.  For  example,  the  double  peaks  in  the  curves 
of  Fig.  11  are  caused,  as  the  author  points  out,  simply  by  the 
reduction  of  flux  density  in  the  space  between  poles,  and  thus 
indicate  a  very  familiar  fact  by  an  unfamiliar  method. 

It  is  dangerous  to  draw  general  conclusions  from  the  results 
obtained  from  a  single  generator.  I  have  in  mind  the  results 
obtained  from  a  1500-kv-a.,  12,000- volt  synchronous  motor, 
having  very  wide  armatiu^e  slots  in  comparison  with  the  air 
gap.  The  ratio  between  armatiu^e  slot  opening  and  air  gap 
was  something  over  3.  There  was  a  very  pronounced  ripple 
in  both  the  field  form  and  in  the  no-voltage  e.  m.  f.  wave  form. 
A  search  coil  of  one  tooth  pitch  indicated  curves  very  similar 
to  those  shown  by  the  author  in  Fig.  11.  While  there  were 
only  six  slots  per  pole,  the  wave  forms  indicated  a  much  higher 
frequency  disturbance  and  analysis  of  the  e.  m.  f.  wave  showed 
a  large  twenty-third  harmonic.  Fiu*ther  investigation  of  the 
design  developed  the  fact  that  partially  closed  damper  slots 
in  the  rotor  had  a  pitch  only  slightly  greater  than  half  the  slot 
pitch  of  the  stator,  and  this  conjunction  of  stator  and  rotor 
slots  was  the  cause  of  the  voltage  pulsation.  This  conclusion 
was  confirmed  later  by  building  another  motor  using  the  same 
stator  punchings,  but  with  a  larger  tooth  pitch  for  the  damper 
winding,  in  which  the  wave  form  had  a  relatively  small  ripple, 
in  spite  of  the  large  ratio  between  stator  slot  opening  and  air 
gap.  While  this  example  illustrates  a  well-known  cause  of 
wave-shape  distortion,  it  nevertheless  emphasizes  the  point 
that  the  higher  harmonics  sometimes  found  in  commercial 
generators  are  due  to  a  variety  of  obscure  causes,  and  the  search 
coil  e.  m.  f.  waves  shown  in  the  paper  may  or  may  not  havQ 
general  significance. 
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There  are  a  number  of  specific  points  in  the  paper  to  which 
attention  should  be  called. 

It  is  stated  that  the  subject  of  tooth  ripples  is  of  great  practi- 
cal importance.  Tooth  ripples  are  important  in  synchronous 
generators  and  motors  only  in  connection  with  questions  of 
telephone  interference,  and  then  only  in  connection  with  salient- 
pole  alternators,  in  which  air  gaps  are  inherently  small.  One  is 
apt  to  obtain  an  exaggerated  idea  of  the  importance  of  these 
variations  in  air  gap  reduction  from  this  and  other  statements 
made  by  the  author.  For  example,  in  Fig.  9  the  variations  in 
air  gap  flux  were  obtained  with  the  rotor  at  rest,  or  moving 
slowly.  Under  these  conditions,  much  greater  variations  are 
obtained  than  are  obtained  during  normal  operation  when  eddy 
currents  very  largely  reduce  the  flux  variations  that  tend  to 
exist.  In  Fig.  9,  the  flux  opposite  a  slot  is  46  per  cent  of  the 
flux  opposite  a  tooth.  In  Fig.  7,  obtained  presumably  from 
the  same  generator,  this  ratio  for  coil  No.  1  is  76  per  cent.  In 
generators  of  conmiercial  design,  the  ripples  rarely,  if  ever, 
produce  greater  variations  than  those  shown  in  Fig.  7. 

Throughout  the  discussion  of  armature  reaction,  it  is  assumed 
that  the  space  distribution  of  m.  m.  f.  in  a  single  concentrated 
armature  coil  is  sinusoidal.  At  any  instant  of  time,  the  space 
distribution  of  m.  m.  f.  and  flux,  assuming  uniform  reluctance, 
is  rectangular,  as  illustrated  in  Fig.  18.  At  equal  intervals 
of  time,  the  m.  m.  f.  and  flux  may  be  representcJd  by  a  series 
of  rectangles,  such  as  Fig.  18,  the  ordinates  of  which  vary  sinu- 
soidally.  This  is  important,  because  it  means  that  the  space 
distribution  of  the  armature  reaction  flux  depends  on  the  space 
distribution  of  the  armature  coils,  and  the  latter  should  be 
taken  into  account  in  all  calculations  concerning  armature 
reaction. 

This  assumption  of  sine-shaped  armature  reaction  flux,  and 
the  assumption  recorded  that  the  field  form  of  most  modem 
machines  approaches  the  sine  shape,  leads  to  the  statement 
that  the  resultant  of  the  main  field  and  armature  field  under 
sustained  short-circuit  conditions  must  also  be  approximately 
sine  shaped.  These  assumptions  are  immediately  shown  to 
be  false,  by  the  statement  that  "we  find  indications  of  an  ex- 
tremely distorted  flux  distribution."  The  reason  for  this  dis- 
tortion is  explained  by  Fig.  32,  taken  from  Clayton's  British 
paper,  in  which  the  main  flux  is  assumed  to  be  rectangular,  and 
the  armatiu-e  flux  a  segment  of  a  sine  curve.  It  seems  hardly 
worth  while  to  build  up  a  theory  upon  assumptions  that  are 
immediately  shown  to  be  wide  of  the  fact. 

In  general,  harmonics  in  the  distribution  curve  of  flux  have 
a  considerably  reduced  effect  on  the  voltage  generated  in  the 
armature  winding,  because  the  voltages  generatai  by  any  partic- 
ular harmonic  of  the  flux  distribution  curve  are  in  most  cases 
(except  the  third  and  multiples)  opposed  in  different  conductors 
connected  in  series.     Furthermore,  the  current  on  short  circuit 
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is  still  closer  to  a  sine  wave  on  account  of  the  increasing  re- 
actance of  the  winding  for  the  higher  harmonics.  Therefore, 
while  the  flux  distribution  on  short  circuit,  as  shown  in  the 
paper,  varies  widely  from  the  flux  distribution  at  normal  volt- 
age and  no  load,  the  generated  voltage  on  short  circuit  and  the 
current  resulting  therefrom,  depart  less  and  less  from  the  sine 
form. 

One  matter  of  practical  importance  in  connection  with  the 
sustained  short-circuit  operation  is  this  distortion  of  the  flux, 
due  to  the  relatively  weak  field  excitation  under  this  condition. 

This  matter  has  been  quite  completely  treated  in  Clayton's 
paper  previously  referred  to,  and  is  moreover  quite  simply 
treated  graphically,  even  when  actual  flux  distributions  are 
taken  into  account.  One  important  result  of  this  distorted 
flux  is  the  increase  in  losses  under  short-circuit  conditions  in 
some  generators.  The  short-circuit  losses  of  large  two  and 
four-pole  turbo-generators,  when  operated  on  short  circuit, 
are  very  much  larger  than  can  be  accounted  for  by  the  losses 
in  the  armature  winding  and  the  core  loss  corresponding  to  the 
internal  voltage.  The  departure  of  the  flux  distribution  from 
the  sine  increases  rapidly  as  the  ratio  of  field  to  armatiure  m.  m.  f . 
decreases,  and  with  the  ratio  of  imity  or  less,  now  commonly 
used,  it  is  quite  probable  that  the  large  short-circuit  losses  in 
these  machines  are  largely  due  to  the  flux  distortion  produced 
by  the  armature  reaction.  This  is  a  matter  of  considerable 
practical  importance,  as  the  present  Institute  Standardization 
Rules  require  that  the  total  short-circuit  losses  be  included  in 
the  loss  existing  imder  normal  operating  conditions.  There 
is  opportunity  here  for  experimental  and  analytical  work  that 
will  enable  us  to  more  completely  determine  the  source  of  loss 
under  the  condition  of  sustained  short  circuit. 

R.  E.  Doherty:  I  wish  to  agree  with  practically  all  that 
Mr.  Newbu^  has  said  in  regard  to  this  paper,  but  there  is  one 
point  which  I  think  he  has  put  a  little  too  strong.  I  think  it 
is  not  Mr.  Diamant's  intention  to  give  quantitative  results 
to  be  used  as  a  guide  in  designing  the  machines,  but  rather  to 
give  a  qualitative  explanation  of  some  of  the  curious  wave 
irregularities  that  we  all  recognize  as  existing  in  sustained 
short-circuits.  Of  this  he  has  given  the  very  clear  explanation 
that  while  under  sustained  short-circtiit  the  fundamental  is 
practically  annihilated,  the  harmonics  are  not  very  much  affected 
and,  therefore,  the  relative  importance  of  the  harmonics  as 
compared  to  the  fimdamental  has  been  increased  hundreds 
of  times  in  some  cases.  This  produces  those  curious  waves 
shown  on  the  oscillogram  of  coil  voltage  at  sustained  short 
circuit. 

William  F.  Dawson:  In  the  average  modem  turbo-alternator 
the  field  form  is  trapezoidal  imtil  saturation  is  reached  (in  the 
field  teeth  nearest  the  pole)  when  the  comers  of  the  trapesoid 
are  rotmded  off.  The  trapezoid  is  a  close  approach  to  a  sine 
wave  and  is  more  so  when  rounded  at  the  comers  by  saturation. 
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With  a  satisfactory  fltix  wave  as  the  foundation,  conditions 
are  further  improved  by  a  generous  number  of  slots  per  phase 
and  pole,  and  by  the  practical  elimination  of  the  third  harmonic 
by  making  the  armature  coil  pitch  approximately  two  thirds, 
the  resulting  e.  m.  f .  and  current  waves  at  the  armature  terminal 
are  very  close  to  true  sine  waves  at  all  loads.  Considerations  of 
ventilation,  regulation  and  the  minimizing  of  core  loss  insure 
such  large  air  gaps  as  compared  with  slot  widths  that  while 
tooth  ripples  still  exist  their  amplitude  is  too  small  to  create  any 
objectionable  disturbance  even  under  sustained  short  circuit. 

C.  M.  Davis:  I  wish  to  emphasize  what  Mr.  Doherty  has 
said,  that  this  paper  presents  the  results  only  of  tests  upon  a 
particular  machine,  and  it  is  not  the  author's  intention  in  any 
way  to  imply  that  the  case  mentioned  is  a  general  one.  He  is 
merely  seeking  a  way  of  explaining,  to  his  own  satisfaction, 
some  of  the  actions  which  are  not  evident  on  first  examination. 

N.  S.  Diamant:  In  answer  to  Mr.  Newbury's  remarks,  may 
I  say  that  I  am  rather  disappointed  in  that  I  was  expecting  to 
hear  something  worth  while  and  profitable  considering  his 
experience  which  I  am  sure  is  very  wide.  I  was  expecting  to 
have  him  tell  us  something  about  the  more  complex  aspects  of 
the  subject,  which  are  carefully  taken  up  in  my  paper. 

As  Mr.  Newbury  does  not  seem  to  be  sure  to  what  extent  my 
paper  and  that  of  A.  E.  Clayton  cover  the  same  ground,  I  may 
add  that  reference  is  made  to  A.  E.  Clayton's  1916  paper  on 
1181  and  1182.  There,  in  a  general  way  Clayton's  explanation 
is  given,  and  a  further  note  made  that  his  paper;  namely, 
Clayton's,  is  the  first  one,  as  far  as  I  am  aware,  to  throw  any 
light  on  this  complex  subject.  As  explained  in  my  introduction, 
I  had  started  this  work  before  Clayton's  paper  appeared.  The 
explanation  and  theory  of  Clayton,  which  is  graphical,  is  very 
good;  so  good  in  fact  that  I  have  included  it  in  my  paper.  My 
explanation  of  the  same  phenomenon  is  a  little  different  as  may 
be  seen  by  referring  to  Figs.  24,  24A,  25  and  31,  also  oscillo- 
grams Figs.  23,  27  etc.,  and  Tables  VII,  VIII  and  XI. 

Furthermore,  I  have  taken  questions  of  flux  distribution  under 
load  and  no-load  conditions  as  well  as  under  sustained  short 
circuit.  It  is  disappointing  that  Mr.  Newbury,  with  his  wide 
experience,  doesn't  tell  us  more  definitely  in  regard  to  several 
points,  at  least  twelve  of  which  are  very  specifically  referred  to 
in  the  abstract  and  very  carefully  treated,  in  the  paper  itself. 
For  example,  Mr.  Newbury  states  that  the  "paper  is  concerned 
with  results  from  a  single  45-kv-a.  generator",  and  that  it  is 
dangerous  to  draw  general  conclusions  from  the  results  obtained 
from  a  single  machine.  This  may  be  true  enough  but  it  would 
be  very  much  more  useful  to  me  and  to  the  reader  for  Mr. 
Newbury,  instead  of  making  these  general  remarks  which  are 
of  no  practical  value,  to  tell  us  more  specifically  just  what  points 
in  the  paper  he  thinks  could  be  generalized  and  what  points 
shotdd  not.     Frankly,  it  is  not  quite  clear  to  me  just  what  is  the 


Digitized  by  VjOOQIC 


1918]  DISCUSSION  AT  ATLANTIC  CITY  1207 

relation  between  the  example  he  gives  about  a  1500-kv-a. 
machine  and  the  danger  of  generalizing,  unless  it  be  to  show  that 
it  is  a  rather  extravagant  way  of  investigating  flux  pulsations, 
"by  building  another  motor  using  the  same  stator  punchings  but 
with  a  larger  tooth-pitch  for  the  damper  winding.**  To  be  more 
specific,  may  I  ask  Mr.  Newbury  to  tell  us  what  he  thinks  is  the 
origin  and  cause  of  to-and-fro  flux  oscillations  and  pulsations. 
From  his  experience  is  the  general  theory  given  by  Worall  and 
referred  to  in  my  paper  acceptable  to  him.  What  does  Mr. 
Newbury  think  about : 

1.  My  method  of  determining  experimentally  the  armature 
reaction  by  subtracting  no-load  and  sustained  short-circuit 
exploring  coil  voltages,  as  given  in  Figs.  23,  27,  etc. 

2.  What  does  he  think  is  the  explanation  of  the  fact  that  the 
third  harmonic  seems  to  increase  with  increasing  excitation  as 
given  in  Table  IX. 

3.  What  does  Mr.  Newbury  think  about  my  experimental 
and  mathematical  analysis  of  armature  reaction  of  imperfect 
two-phase  alternator  as  given  in  Fig.  4,  Fig.  35  and  the  supple- 
mentary note  C  page  1199. 

(A  tentative  explanation  of  this  is  referred  to  in  foot  note  12.) 

L  don't  quite  agree  with  his  statement  that  "tooth  ripples  are 
important  only  in  connection  with  questions  of  telephone 
interference,  and  then  only  in  connection  with  salient-pole 
alternators.**  Is  not  the  question  of  tooth  ripples  and  higher 
harmonics  important  in  connection  with  iron  losses  and  some- 
times dietectric  losses  also.  However,  I  may  add  that  my  paper 
did  not  attempt  to  state  just  how  important  higher  harmonics 
may  become  in  certain  cases,  or  of  how  little  importance  they 
may  be  in  other  cases.  The  object  is  more  to  consider  the 
fundamental  theory  of  the  origin  and  production  of  ripples  in 
m.  m.  f.  curves,  in  flux  waves  and  induced  voltages,  and  I,  for 
one,  will  appreciate  it  if  I  could  have  Mr.  Newbury's  ideas  on 
the  subject. 

Mr.  Newbury  states  that  the  assumption  of  sine-shaped 
armation  reaction  flux  is  made  in  the  paper.  This  is  not  quite 
so.  As  stated  on  p.  1163,  the  armature  current  under  short- 
circuit  conditions  is  assumed  to  be  sinusoidal  and  then  very 
clear  distinction  is  made  as  to  whether  the  m.  m.  f.  will  be  sinu- 
soidal or  not  and  whether  the  flux,  due  to  the  m.  m.  f.  will  be 
sine-shaped  or  not.  If  I  am  not  mistaken,  in  most  discussions 
this  distinction,  namely,  whether  a  sinusoidal  m.  m.  f.  may  or 
may  not  give  a  sinusoidal  flux,  is  not  quite  as  clearly  adhered  to 
as  it  is  in  the  paper. 

Although  outside  of  the  scope  of  the  paper,  in  connection  with 
the  "critical  resume  conclusions**  attention  is  called  to  the 
practical  bearing  of  the  results  of  the  paper  on  standard  methods 
of  testing  alternators  by  means  of  cyclic  heat  run  tests;  short- 
circuit  load  loss  tests,  phase-shifting  load  tests  etc.  It  will  be 
interesting  to  hear  something  in  regard  to  this. 
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There  is  little  to  add  to  Mr.  Doherty's  discussion  except  that 
as  in  Mr.  Newbury's  case,  considering  his  wide  experience 
covering  a  great  many  types  and  sizes  of  machines,  it  will  be  of 
considerable  interest  to  the  profession  to  have  his  views  on  the 
many  different  specific  points  in  connection  with  flux  distribu- 
tion that  are  taken  up  and  at  least  tentatively  explained  in  the 
paper. 
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REACTANCE  OF  SYNCHRONOUS  MACHINES  AND 
ITS  APPLICATIONS 

BY  R.  E.  DOHERTY  AND  O.  E.  SHIRLEY 


Abstract  of  Paper 

Part  I  treats  of  the  calculation  and  application  of  the  arma- 
ture self -inductive  reactance  of  synchronous  machines.  A  short, 
reliable  method  is  given  in  the  form  of  curves,  Pigs.  20a,  b,  c, 
making  the  calculation  from  design  sheet  data  a  matter  of  a  few 
minutes.  Table  I  shows  a  comparison  of  calculated  and  test 
values  (obtained  from  saturation  and  synchronous  impedance 
curves)  for  138  machines,  ranging  from  high-speed  turbine  gener- 
ators to  the  low-speed  engine  type. 

Three  points  were  brought  out  during  the  investigation: 

(1)  That  in  polyphase  machines,  the  armature  self-inductive 
reactance,  just  as  the  armature  reaction,  is  a  polyphase,  not  a 
single-phase  phenomenon,  and  therefore  the  mutual  induction 
of  phases  in  a  three-phase  machine  increases  the  effective  self- 
induction  of  each  phase  by  approximately  50  per  cent  over  the 
single  phase  value,  while  in  two-phase  machines,  in  which  the 
mutual  induction  of  phases  is  zero,  the  effective  sdf -induction  of 
the  phase  is  the  same  for  two-phase  or  single-phase  operation. 

(2)  That  the  variation  of  armature  reactance  during  the  cycle, 
due  to  salient-pole  construction,  is  practically  eliminated  in  ¥• 
connected,  three-phase  machines  for  the  reason  that  the  varia- 
tion, consisting  almost  entirely  of  a  third  harmonic,  is  cancelled 
in  such  machines.  This  leaves,  in  effect,  a  uniform  rductance 
for  the  leakage  flux  emanating  from  the  tooth  tips. 

(3)  That  m  the  familiar  method  of  obtaining  the  armature 
self-indUction  from  the  saturation  and  synchronous  impedance 
curves  (*.«.,  by  subtracting  the  armature  reaction,  that  is,  the  de- 
magnetizing ampere  turns  of  normal  current  under  sustained  short 
circuit,  from  the  corresponding  field  ampere  turns),  a  very  large 

-  error  in  this  test  value  of  self-induction  may  occur,  if,  as  is  usually 
done,  the  armature  reaction  is  calculated  on  sine  wave  assump- 
tions. A  set  of  curves  shown  in  Pig.  20,  which  are  plotted  from 
results  derived  in  Appendices  A  and  B,  give  values  of  the  cor- 
rection factor  which  applies  to  calculations  based  on  sine  wave. 
An  approximate,  but  convenient,  method  of  applying  the 
armature  reactance  in  the  calculation  of  field  excitation  under 
load  is  given  in  Appendix  C. 

In  Part  II  it  is  shown  that  the  initial  short-circuit  current  of 
synchronous  machines  is  determined  not  only  by  the  armature 
self -inductive  reactance,  as  is  often  assumed,  but  also  by  the  field 
self -inductive  reactance.  Neglecting  the  field  reactance  in  cal- 
culation may  give  a  calculate  short-circuit  current  50  per  cent 
or  more,  too  hieh.  A  formula  is  derived  for  calculating  the  field 
reactance  which,  added  to  the  armature  reactance,  gives  the 
total  which  determines  the  initial  short-circuit  current  and  which 
it  is  proposed  should  be  called,  as  previously  recommended  by 
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other  authors,  transient  reactance.  Table  IV  shows  a  comparison 
on  eleven  machines  of  the  actual  short-circuit  currents  as  deter- 
mined by  oscillograph,  and  as  calculated  by  methods  proposed  in 
the  paper. 

The  calculations  of  transient  reactance  apply  strictly  to  salient 
laminated  pole  alternators  without  amortisseur  winding.  How- 
ever, such  experience  as  is  recorded  in  Table  IV,  if  analyzed  in 
connection  with  theoretical  considerations,  affords  a  basis  for 
estimating  the  transient  reactance  of  turbine  generators  with 
massive  steel  rotors  and  of  salient-pole  machines  with  amortis- 
seur windings.  These  points  are  summed  up  in  "Summary 
and  Conclusions*'. 

An  attempt  is  made  to  describe  the  a|3parently  complicated 
physical  phenomena  of  sudden  short  circuits  in  terms  as  free  as 
possible  from  mathematics.  One  interesting  and  important 
point  which  the  authors  establish  from  the  physical  interpreta- 
tion of  the  problem  is  that  there  is  a  very  significant  rise  in  flux 
at  the  bottom  of  the  pole  at  short  circuit.  This  may  be  (if  the 
rotor  is  entirely  laminated)  30  or  40  per  cent  of  normal  flux,  and 
apparently  explains  why,  in  machines  with  solid  steel  rotor 
rims,  the  field  attenuation  factor,  a  ,  changes  radically  after  the 
first  few  cycles  after  short  circuit.     ' 


Introduction 

AS  the  march  of  time  obliges  designers  to  become  ever  more 
efficient  in  the  use  of  materials,  it  becomes  more  and  more 
necessary  that  they  should  extend  design  calculations  to  further 
completeness.  The  self-inductive  reactance  of  synchronous 
machines  stands  in  very  important  relation  to  this  problem. 
In  the  predetermination  of  field  excitation,  of  voltage  regulation, 
and  of  the  initial  short-circuit  current,  the  reactance  is,  of  course 
a  very  essential  factor. 

Three  years  ago  the  authors  undertook  a  survey  of  the  work 
which  had  been  done  on  the  calculation  of  armature  reactance 
in  the  hope  of  finding,  if  not  in  any  particular  existing  formula, 
at  least  in  a  combination  of  different  ones,  an  expression  for  re- 
actance that  would  give  reliable  calculations — ^reliable,  we  mean 
when  applied  to  the  entire  range  of  machines  as  built  by  one  of 
the  large  manufacturing  companies.  The  result  was  probably 
very  much  the  same  as  that  which  others  have  obtained  who 
may  have  made  a  similar  attempt.  Particular  expressions  applied 
well  to  particular  classes  of  machines,  but  none  was  found,  and 
no  combination  of  existing  expressions  was  found,  that  would 
apply  generally.  Moreover,  on  account  of  the  many  factors  in 
the  problem,  the  equation  for  reactance  is  a  very  clumsy  thing 
to  handle — too  clumsy,  indeed,  to  make  practical  the  calculation 
Off  reactance  on  each  new,  proposed  design.  It  is  nevertheless 
desirable  to  have  this  calculation.  By  methods  described  later 
an  expression  was  finally  arrived  at  which  does  apply  generally 
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to  all  classes  of  machines  from  two-pole  turbine-generators  to 
136-pole  water-wheel  driven  generators,  of  any  voltage  and 
frequency,  three-phase,  two-phase  or  single-phase,  and  the 
results  are  put  in  convenient  shape  for  the  designer's  use,  there- 
by making  the  calculation  for  each  machine  a  practical  matter. 
A  tabulated,  comparison  of  calculated  and  test  results  (taken 
from  ordinary  commercial  tests  for,  open  and  short-circuit 
characteristics)  is  shown  in  Table  I. 

The  importance  of  predetermining  the  initial  short-circuit 
current  of  synchronous  machines  need  not  be  dwelled  upon. 
Mechanical  stress  involved,  the  rupturing  capacity  of  circuit 
breakers,  heating,  etc.,  all  make  it  a  matter  of  supreme  import- 
ance. The  theory  imderlying  short  circuits  has  been  thoroughly 
worked  out  by  Steinmetz,  Berg  and  Bouchert;  and  Diamant^  has 
extended  the  mathematics  involved  and  investigated  the  possi- 
bility of  determining  experimentally  the  attenuation  factors,  r/Lf 
which  determine  the  rate  of  decrease  of  the  transients.  That 
is,  the  complete  equation  for  the  instantaneous  values  of  short- 
circuit  current  has  been  available  for  some  time.  The  difficulty  in 
its  use  has  been  that  the  factors  involved  could  not  be  predeter- 
mined, and,  to  some  extent,  there  has  been  uncertainty  regard- 
ing what  constitutes  the  reactance  which  determines  the  short- 
circuit  current.  The  authors  will  show  that  this  reactance  in- 
cludes the  field  self-induction  as  well  as  that  of  the  armature, 
and  will  derive  a  formula  by  which  the  total  reactance  may  be 
calculated.  To  the  author's  knowledge  this  has  not  been  pre- 
viously worked  out.  Table  IV  gives  a  comparison  of  calculated 
and  actual  values  of  short-circuit  current. 

In  the  process  of  obtaining  the  above  restdts,  another  closely 
related  problem  was  incidentally  solved,  namely,  the  effect 
of  the  harmonics  in  the  no-load  flux  wave  upon  the  field 
excitation  required  for  normal  voltage  and  also  upon  the  arma- 
ture reaction.     This  is  given  in  Appendices  A  and  B. 

The  object  of  the  paper,  therefore,  is  (1)  to  present  a  reliable, 
general  formula  for  the  calculation  of  self -inductive  armature 
reactance  of  synchronous  machines.     (Given  in  Part  I). 

(2)     To  give  a  simplification  of  the  general  equation,    per- 
mitted  by   standard   construction,    accompanied   by   working 
curves  making  it  possible  to  calculate  the  per  cent  armature  re- 
actance from  the  design  sheet  in  less  than  five  minutes.      (Given  . 
in  Part  I). 

1.    Trans.,  A.  I.  E.  E.  1915,  Vol.  XXXIV,  p.  2237. 
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TABLB  I 

COMPARISON  OP  CALCULATED  AND  TEST  VALUES  AT  ARMATURE    SELP- 

INDUCTIVE  REACTANCE 


SALIENT  POLE  MACHINES                   | 

*M 

Kv-A. 

^ 

Preq. 

R.p.in. 

VolUge 

'^ 

Calc. 

Test 

1 

33 

3 

60 

1200 

440 

13.4 

8.06 

2 

50 

3 

60 

800 

2300 

16.0 

13.9 

3 

125 

3 

62>^ 

750 

2300 

13.5 

11.0 

4 

180 

3 

60 

900 

220 

10.9 

12.3 

6 

240 

3 

60 

150 

440 

17.1 

15.2 

6 

265 

3 

25 

150 

400 

28.1 

34.8 

7 

300 

3 

60 

1200 

4000/2300 

15.6 

13.0 

8 

320 

3 

60 

200 

5000 

12.5 

16.6 

9 

345 

3 

60 

720 

4000 

13.1 

10.7 

10 

370 

3 

50 

187K 

500 

14.5 

20.0 

11 

375 

3 

60 

150 

2300 

14.7 

13.2 

12 

375 

3 

60 

150 

3100 

14.4 

11.4 

13 

400 

3 

25 

300 

2300 

15.2 

21.0 

14 

400 

3 

60 

300 

4000 

27.5 

30.1 

16 

400 

3 

60 

200 

600 

18.9 

19.3 

16 

400 

3 

60 

150 

6600 

24.6 

21.4 

17 

450 

3 

25 

750 

13200 

8.8 

3.1 

18 

475 

3 

50 

214 

440 

16.4 

15.3 

10 

500 

3 

60 

600 

2300 

7.6 

7.5 

20 

500 

3 

60 

150 

2300 

16.0 

13.7 

21 

500 

3 

60 

100 

240 

14.4 

13.9 

22 

540 

3 

60 

164 

6600 

31.0 

27.3 

23 

560 

3 

25 

750 

480 

6.6 

5.8 

24 

560 

3 

60 

720 

13200 

15.1 

12.0 

25 

560 

2 

60 

720 

2400 

18.6 

23.2 

26 

570 

3 

25 

750 

13200 

9.0 

8.9 

27 

580 

3 

60 

720 

2300 

13.4 

15.6 

28 

585 

3 

60 

90 

2000 

14.4 

15.6 

29 

605 

3 

60 

150 

2200 

16.8 

18.1 

30 

625 

3 

60 

150 

2300 

10.7 

10.0 

31 

625 

3 

60 

100 

480 

21.1 

15.8 

32 

675 

3 

60 

90 

6600 

36.8 

33.5 

33 

700 

3 

25 

750 

2200 

10.1 

6.00 

34 

700 

3 

25 

750 

13200 

13.2 

16 

35 

700 

3 

25 

500 

6600 

11.4 

7.3 

36 

700 

3 

60 

900 

4000 

13.8 

12.7 

37 

700 

3 

40 

300 

600 

10.6 

10.2 

38 

750 

3 

60 

300 

600 

22.5 

23.6 

89 

750, 

3 

60 

150 

2300 

18.4 

19.5 

40 

780 

3 

60 

120 

2300 

21.7 

21.0 

41 

800 

3 

60 

90 

2300 

41.9 

44.0 

42 

850 

3 

25 

500 

6600 

5.6 

8.4 

43 

900 

3 

60 

360 

600 

20.5 

18.6 

44 

900 

3 

60 

150 

2300 

22.1 

18.2 

45 

1000 

3 

60 

450 

2300 

22.6 

19.8 

46 

1000 

3 

60 

200 

600 

21.2 

16.8 

47 

1200 

3 

25 

500 

4400 

16.3 

16.9 

48 

1250 

3 

25 

750 

13200 

10.5 

10.5 

49 

1250 

3 

60 

500 

5500 

12.3 

12.8 

50 

1250 

3 

60 

300 

2300 

12.0 

10.5 

51 

1250 

2 

62.5 

375 

5400 

12.1 

10.2 
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TABLB  I.      (CoHtinued) 

COMPARLSON  OP  CALCULATBD  AND  TBST  VALUES  AT  ARMATURE  SELP- 

INDUCTIVE  REACTANCE 


SALIENT  POLE  MACHINES 

**a 

Kv-a. 

^ 

Preq. 

R.p.xn. 

VolUse 

'^ 

Calc. 

Test 

52 

1350 

3 

25 

375 

6600 

11.3 

12.8 

fi3 

1400 

3 

25 

500 

2200 

10.0 

8.9 

64 

1400 

3 

25 

375 

13200 

11.5 

13.8 

55 

1400 

3 

60 

514 

13200 

ia.8 

10.9 

56 

1400 

3 

60 

514 

13200 

12.9 

11.9 

57 

1420 

3 

25 

300 

2300 

11.0 

5.8  • 

58 

1425 

3 

60 

240 

2200 

21.1 

22.0 

59 

1460 

3 

60 

720 

2300 

11.3 

8.6 

50 

1500 

3 

25 

500 

2300 

7.9 

10.2 

61 

1500 

3 

60 

514 

2200 

14.5 

15.0 

62 

1500 

2 

62.5 

760 

2300 

14.3 

20.0 

63 

1625 

3 

25 

760 

3300 

10.5 

10.5 

64 

1800 

3 

60 

300 

2300 

10.6 

12.6 

66 

2000 

3 

60 

720 

2200 

13.8 

14.0 

66 

2000 

3 

60 

100 

2300 

8.4 

8.0 

67 

2000 

2 

60 

360 

2400 

9.6 

7.2 

68 

2100 

3 

60 

614 

4600 

15.7 

15.7 

69 

2125 

3 

40 

200 

600 

15.3 

14.1 

70 

2200 

3 

25 

760 

3300 

9.1 

15.0 

71 

2200 

3 

25 

375 

2300 

9.1 

9.7 

72 

2250 

3 

25 

214 

2300 

5.9 

4.4 

73 

2250 

3 

60 

514 

6000 

15.3 

16.9 

74 

2250 

3 

60 

450 

3460 

17.8 

17.1 

75 

2500 

3 

25 

250 

2200 

5.8 

4.0 

76 

2800 

3 

25 

300 

2300 

5.5 

4.9 

77 

2000 

3 

60 

514 

13200 

18.9 

19.2 

78 

2800 

3 

60 

450 

4000 

15.0 

18.0 

79 

3000 

3 

60 

500 

6600 

13.1 

17.4 

90 

3000 

3 

60 

460 

2300 

8.25 

11.0 

81 

3125 

3 

25 

750 

14000 

16.1 

15.8 

82 

3500 

3 

50 

600 

11500 

19.2 

20.0 

83 

4000 

3 

60 

600 

2300 

13.8 

11.2 

84 

5000 

3 

25 

300 

2300 

8.9 

10.2 

85 

5000 

3 

25 

88.3 

6600 

13.9 

13.8 

86 

5650 

3 

60 

360 

6600 

19.8 

21.3 

87 

6000 

3 

50 

600 

3450 

7.65 

6.1 

88 

6000 

3 

60 

600 

16500 

21.6 

26.5 

89 

6600 

3 

25 

375 

14000 

9.5 

11.0 

90 

6250 

3 

60 

600 

6600 

16.8 

13.9 

91 

6750 

3 

60 

600 

11000 

19.3 

25.6 

92 

7060 

3 

40 

400 

600 

6.6 

8.5 

93 

7060 

3 

60 

375 

6600 

13.9 

13.0 

94 

7500 

3 

60 

600 

13800 

13.3 

16.9 

95 

8750 

3 

50 

500 

600 

15.1 

19.4 

96 

8750 

3 

50 

500 

6600 

6.9 

7.1 

97 

9000 

3 

25 

57.7 

11000 

13.9 

16.4 

98 

10000 

3 

60 

514 

6600 

6.81 

7.9 

« 

10000 

3 

62.5 

55.6 

6600 

20.4 

19.4 

100 

12000 

3 

26 

375 

6600 

13.2 

12.6 

101 

16000 

3 

50 

375 

6600 

10.2 

12.3 
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TABLE   I.     (ConHnutd) 


TURBINE  ALTERNATORS 

^pa 

Kv-a. 

^ 

Preq. 

R.p.m. 

Voltage 

'^ 

Calc. 

Test 

1 

3750 

3 

60 

3600 

2300 

9 

14.5 

2 

4375 

3 

60 

1800 

2400 

5.9 

2.4 

3 

4375 

3 

60 

1800 

4500  ' 

6.7 

3.9 

4 

4375 

3 

60 

1800 

2300 

7.7 

8.2 

6 

4375 

2 

60 

1800 

2300 

6.25 

5.1 

6 

5000 

3 

25 

1500 

5500 

10.6 

10.2 

7 

5000 

3 

25 

1500 

6600 

6.4 

6.8 

8 

5000 

3 

25 

1500 

6600 

7.3 

5.5 

0 

5000 

3 

60 

3600 

2300 

9.0 

8.9 

10 

5625 

3 

25 

1500 

2300 

6.1 

3.3 

11 

6250 

3 

25 

1500 

6600 

10.1 

10.6 

12 

6250 

3 

60 

3600 

2300 

8.6 

12.2 

13 

6250 

3 

60 

1800 

6600 

8.6 

7.8 

14 

7500 

3 

25 

1500 

2300 

7.1 

6.9 

15 

7500 

3 

25 

1500 

6600 

10.5 

7.1 

16 

7500 

3 

25 

1500 

6600 

10.5 

11.8 

17 

7500 

3 

60 

1800 

4000/2300 

9.4 

5.0 

18 

7500 

3 

60 

1800 

4160/2300 

9.1 

8.2 

10 

7600 

3 

60 

1800 

2300 

7.6 

9.1 

20 

7812 

3 

25 

1500 

2300 

7.7 

7.8 

21 

7812 

3 

60 

1800 

2300 

10.1 

9.5 

22 

7812 

3 

60 

1800 

4000/2300 

10.6 

8.6 

23 

7812 

3 

60 

1800 

4000/2300 

11.8 

10.9 

24 

9375 

3 

25 

1500 

13200 

8.9 

9.3 

25 

9375 

3 

60 

1800 

4000/2300 

8.0 

8.6 

26 

9375 

3 

60 

1800 

5000 

11. 0 

9.2 

27 

10000 

3 

25 

1500 

6600 

9.9 

9.8 

28 

10000 

3 

40 

2400 

10000 

12.5 

13.8 

29 

10000 

3 

60 

1800 

6600 

14.2 

9.2 

30 

12500 

3 

25 

1500 

11000 

8.4 

8.2 

31 

12500 

3 

60 

1800 

4000/2300 

9.1 

7.4 

32 

12500 

3 

60 

1800 

11000 

13.0 

17.1 

33 

12500 

3 

60 

1800 

13200 

19.2 

13.5 

34 

12500 

3 

60 

1800 

2300 

10.2 

8.6 

36 

18333 

2 

37.3 

2240 

4469 

6.3 

7.4 

36 

18750 

3 

60 

1800 

2300 

13.8 

12.0 

37 

25000 

3 

60 

1800 

13200 

14.4 

15.4 

(3)  To  derive  a  formula  for  calculating  the  field  self-in- 
duction which  combines  with  the  armature  self-induction  to 
determine  the  initial  short-circuit  current;  and  further  to  des- 
cribe in  part  the  physical  phenomena  which  exist  in  the  machine 
at  short  circuit.     (Given  in  Part  II). 

(4)  To  derive  a  formula  for  calculating  armature  reaction, 
taking  into  account  the  effect  of  field  distribution.  (It  is  nec- 
essary to  determine  the  armature  reaction  accurately,  before 
the  armature  self-induction  can  be  determined  from  standard 
open  and  short-circuit  tests).     (Given  in  Appendix  B). 
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(6)  To  show  the  effect  of  flux  distribution  (i.e.  the  effect  of 
the  harmonics  in  the  no-load  flux  wave)  on  the  field  excitation. 
(Given  in  Appendix  A). 

(6)  To  give  a  simplified  method  of  calculating  field  exci- 
tation which  has  worked  out  well  in  connection  with  the  per 
cent  armature  reactance.     (Given  in  Appendix  C). 

PART  I. 

Armature  Reactance 

Of  all  the  work  which  had  been  done  on  armature  reactance, 
that  of  Gray*  was,  in  our  opinion,  the  most  complete.  While  it 
involved  certain  familiar  factors,  such  as  that  for  the  slot  re- 
actance and  the  leakage  from  tooth  tip  to  tooth  tip  which  have 
appeared  in  other  reactance  formulas,  it  yet  took  into  account 
for  the  first  time,  we  believe,  the  variation  of  tooth-tip  react- 
ance in  salient-pole  machines  for  different  positions  of  the  pole, 
which  is  very  important.  Fechheimer  introduced  a  factor  to 
account  for  the  effect  of  fractional  pitch  armature  coils.  The 
results  given  in  this  paper  have  been  obtained  by  a  modification 
and  extension  of  the  work  done  by  Gray,  Fechheimer*  and 
others.  A  bibliography  which  may  be  of  historical  interest 
is  included  at  the  end  of  the  paper. 

There  were  three  difficulties  of  fundamental  importance 
which  it  was  necessary  to  overcome  before  consistent  results 
were  obtained.  The  first  was  the  influence  of  the  harmonics  in 
the  no-load  flux  wave  upon  the  effective  armature  magneto- 
motive force  or  armature  reaction.  The  armature  self -inductive 
reactance,  as  obtained  from  the  saturation  and  synchronous 
impedance  curves  (the  open-circuit  and  short-circuit  characteris- 
tics) involves  the  difference  between  the  actual  field  m.m.f.  on 
short  circuit  and  the  effective  armature  m.m.f.  for  the  corres- 
ponding current.  Since  the  armature  reaction  is  calculated, 
this  difference  must  also,  to  that  extent,  be  considered  as  cal- 
culated. The  familiar,  approximate  formula  usually  employed 
in  determining  effective  armature  m.m.f.  per  pole, 

A  =  -^ — =f-     (three-phase) 

is  based  upon  sinusoidal  distribution  of  flux  and  armature  m.m.f. 

2.  Gray's  Elec.  Machine  Design,  1st  Edition,  page  215. 

3.  Trans.   A.  I.  E.  E.,Vol.   31,   p.  578. 
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iVg=  series  turns  per  pole  per  phase 
/    =  amperes  per  turn 
Kp  and  Kd  —  coefficients,  greater  than  unity,  which  take  ac- 
count of  the  effect  of  fractional  pitch  coils  and 
the  distribution  of  coils  respectively. 
Often  the  flux  distribution  is  very  different  from  a  sine  wave.    In 
such  cases  the  actual  effective  armature  m.m.f .  may  be  different 
by  8  to  10  per  cent  from  the  value  based  on  sine-wave  asstunp- 
tions — i.e.f  as  calculated  from  the  above  formula.     This  error 
in  armature  m.m.f.,  of  course  causes  a  much  larger  percentage 


Fig.  1— Tooth-Tip  Leakage 
Flux 


I  y^TbOtftUp  ^s^'ntMabrtrure  rotor 


Sna.hormonic 

I  Pfias0  mUt  current 


Fig.  2 — ToothTip  Interlink- 
AGEs  AT  Zero  Power  Factor 


Fig.  3 — TooTH-TtP  Interlinkages 
AT  80  Percent  Power  Factor 


error  in  the  difference  between  field  and  armature  m.m.f *s.  on 
short  circuit,  which  difference,  correctly  determined,  repre- 
sents the  armature  self-induction.  It  is  therefore  obvious  that 
the  effect  of  flux  distribution  must  be  taken  into  account.  This 
has  been  done  by  a  single  factor,  K^ ,  which  is  derived  in  Appen- 
dix A,  and  is  given  in  Fig.  20. 

The  second  difficulty  was  met  in  accounting  correctly  for  the, 
variation  in  the  permeance  of  the  **tooth-tip"  leakage  path  for 
different  positions  of  the  pole.  Gray's  method  of  accoimting 
for  this  neglected  certain  serious  factors,  as  will  be  shown  later. 
Fig.  1  Aows  toolh'fip  leakage  of  one-phase  belt  at  a  time  when 
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the  pole-face  iron  forms  part  of  the  leakage  path.     It  is  obvious 

from   Pig   1,  that  as  the  pole  moves  on,  a  part,  and  finally 

all,  of  the    path    between    tooth-tips   will   be   air.    At   zero 

power  factor  the  current. in  any  particular  phase   group   is  a 

maximum  when  that  phase  group  is   half  way  between  poles, 

when  the  angle,  0o,  between  the  center  of  the  phase  group 

and  the  center  of  the  pole  Fig.  2a,  is  90   deg. ;  and  is  zero 

when  the  group  is  over   the  middle  of  the  pole,   when   0o  is 

zero.    This  produces  a  curve  of  leakage  interlinkages  shown  as 

X  in  Fig.  2b.     The  dotted  curve  indicates  what    the  leakage 

curve  would  be  if  the  iron  of  the  rotor  were  continuous.     Now 

for  any  other  power  factor,  say  cos  6  =  0.7,  if  the  distortion  of 

the  magnetic  field  is  neglected,  the  current  will  be  a  maximum 

when 

tfo  =   e  =  46  deg. 

and  zero  when  tfo=  —  46  deg.  But  distortion  can  not  be 
neglected.  By  shifting  the  flux  toward  the  trailing  tip  (in  a 
generator)  the  position  of  the  pole  is  relatively  advanced,  there- 
by increasing  the  total  angle  between  the  center  line  of  the  pole 
and  the  position  of  the  phase  group  when  the  current  is  a  maxi- 
mum, to 

do  ==   e  +  0d 

where  dd  is  the  distortion  angle,  shown  in  Fig.  18.  For  illustra- 
tion let  the  current  be  a  maximum  when  do  equals  45  deg. 
Fig.  3a.  This  would  correspond  in  certain  machines  to  a  power 
factor  of  about  80  per  cent  and  would  produce  a  curve  of  leak- 
age interlinkages,  x,  shown  in  Fig.  3b.  The  dotted  curve 
indicates  the  leakage  which  would  exist  if  the  rotor  iron  were 
continuous. 

An  analysis  of  the  curves  of  interlinkages  shown  in  Figs.  2b 
and  3b  discloses  an  interesting  and  very  important  fact:  that 
these  curves  as  shown  in  Figs.  2c  and  3c,  are  made  up  prin- 
cipally of  a  fundamental  and  a  large  third  harmonic,  all  other 
harmonics  being  negligible;  and  that  since  in  a  Y-connected 
3-phase  machine  the  third  is  eliminated,  the  fundamental  alone 
remains  for  consideration  in  such  machines — which  probably 
comprise  95  per  cent  of  all  that  are  now  being  manufactured. 
And  even  in  two-phase  or  A-connected  three-phase  machines 
the  effective  results  are  much  the  same.  Experience  has  been 
that  the  short-circuit  characteristic  and  saturation  curves  show 
practically  th?  s^me  vf^lue  of  re^ctfince  in  the  s^me   machine 
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whether  it  is  connected  Y  or  A.  The  probable  explanation  of 
this  is  that  in  A-connected  or  two-phase  machines  the  current, 
especially  under  short  circuit,  is  not  a  sine  wave,  as  it  is  for  Y- 
connected  machines,  but  instead,  contains  a  negative  third 
harmonic,  as  shown  in  Fig.  4.  This  operates  to  lower  the  peaks 
in  Fig.  2b,  that  is,  to  decrease  the  third  harmonic  in  the  re- 
actance. And  although,  of  course,  the  effect  of  the  remaining, 
decreased  third  harmonic  in  the  reactance  voltage  is  to  restrict 
the  flow  of  current  at  certain  pbints  of  the  cycle,  and  therefore 
produce  a  current  of  smaller  average  value  than  would  exist  if 
the  third  harmonic  were  eliminated,  nevertheless  the  form  factor 
of  the  resulting  peaked  wave  shown  in  Fig.  4,  is  corres- 
pondingly higher,  that  is,  the  ammeter  will  read  correspond- 
ingly higher,  and  therefore  show  in  this  case  about  the 
same  reading  for  sustained  short-circuit  current  as  would  be 
shown  in  the  case  of  a  Y-connected  machine.  In  general,  then, 
it  is  necessary  to  consider  only  the  fundamental  in  the  tooth- 
tip  leakage. 

The  salient  pole  construction,  which  is  the  cause  of  the  large 
third  harmonic  mentioned  above,  is  therefore,  in  effect  replaced 
by  a  continuous  rotor  of  uniform  reluctance,  which  is  greater 
than  that  of  iron  but  lower  than  that  of  air,  and  which  is  different* 
for  different  power  factors,  being  lower  at  high  power  factor. 
This  is  obvious  from  a  comparison  of  Figs.  2b  and  3b. 

At  high  po~/er  factor,  an  interesting  circumstance  arises.  In 
addition  to  that  component  of  the  fundamental  of  the  tooth- 
tip  leakage  which  is  in  phase  with  the  current  and  which  there- 
fore produces  a  reactive  voltage  lagging  behind  the  current  by 
90  deg.,  there  is  also  a  cosine  term,  leading  the  current  by  90 
deg.,  which  produces  a  reactive  voltage  in  phase  with  the  current. 
This  has  important  significance  in  the  matter  of  field  excitation 
required  under  load,  as  pointed  out  later. 

Gray's  value  for  the  tooth-tip  factor  is  based  on  a  root-mean- 
square  of  instantaneous  values  of  a  curve  somewhat  similar  to 
that  shown  in  Fig.  2b.,  the  principal  difference  in  the  curves 
being  that  Fig.  2b.,  takes  account  of  the  distribution  of  the  coils 
in  the  phase  belt.  Being  based  on  the  root-mean-square  and 
neglecting  the  spread  of  the  phase  belt,  Gray's  value  for  this 
factor  is  appioximately  100  per  cent  higher  than  that  given  in 
this  paper,  and  does  not  take  account  of  the  in-phase  component 
of  reactive  voltage,  or  of  the  effect  of  the  distortion  of  the 
magnetic  field — both  of  which  occur  under  watt  load. 
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The  third  difficulty  involved  the  conception  that  on  a  poly- 
phase machine,  the  self-induction  of  the  armature  is  a  poly- 
phase, not  a  single-phase  phenomenon;  and  that  therefore  the 
reactance  per  phase  of  the  same  machine,  connected  three  phase 
in  one  case,  two  phsse  in  another,  would  be  approximately  1.5 
times  the  single-phase  value  in  the  former,  1.0  times  the  single- 
phase  value  in  the  latter.  In  other  words  the  magnetic  field  of 
self-induction  is  a  rotating  polyphase  field  just  as  is  the  field  of 
armature  reaction,  and  the  resulting  overlapping  of  phase  pro- 
duces greater  leakage  interlink  ages  in  any  particular  phase  of  a 
three-phase  machine  than  would  exist  by  the  m.m.f.  of  the 
phase  alone.     For  instance,  in  a  three-phase  machine,  when  the 
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current  is  maximum  in  phase  -4,  it  is  one-half  maximum  in  B 
and  C.  The  increase  of  interlinkages  in  A,  due  to  B  and  C, 
is  shown  in  Fig.  5a.  For  two-phase,  the  current  is  zero  in  B 
when  a  maximum  in  A,  and  moreover  they  are  displaced  in 
space  so  that  the  mutual  interlinkages  must  be  zero  at  all  times 
as  shown  in  Fig.  5b. 

Unless  this  fact  is  taken  into  account  when  considering  three- 
phase  machines,  the  calculated  value,  which  is  the  reactance  per 
leg,  will  be  only  two-thirds  as  large  as  the  test  value,  unless  some 
of  the  factors  in  the  reactance  equation  are  overburdened  to 
make  up  the  difference.  Then,  obviously,  the  formula  would 
not  apply  to  two-phase  machines;  it  wotdd  give  calculated  re- 
sults 50  per  cent  too  high.     This  is  just  what  had  happened 
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during  this  investigation.  By  using  Gray's  formula  modified 
by  Fechheimer's  "Short  Pitch  Factor",  calculations  checked 
fairly  well  on  certain  classes  of  three-phase  machines,  but  not  on 
two-phase.  The  factor  of  tooth-tip  leakage  being  100  per 
cent  too  high  and  the  other  factors  being  approximately  right, 
made  up  for  neglecting  the  increase  of  50  per  cent  on  the  total, 
and  naturally  made  two-phase  calculations  too  high.  By  using 
the  proper  value  of  tooth-tip  leakage,  and  allowing  for  the  poly- 
phase action,  the  equation  applies  equally  well  to  three-phase, 
two-phase  and  single-phase  machines. 

There  is,  however,  one  term  of  the  reactance  equation  which 
is  not  affected  by  the  mutual  induction  of  phases,  namely,  the 
slot  leakage.  Fig.  6b  shows  the  three  different  phases  of  a 
two-slot  per  pole  per  phase  machine,  and  the  slot  leakage  which 
exists  when  the  current  is  a  maximum  in  the  middle  group,  one- 
half  maximum  in  the  other  two.  Fig.  6a  is  equivalent  to  Fig.  6b, 
and  it  is  clear  that  the  interlinkages  of  the  middle  group  have  not 
been  increased  by  the  m.m.f.  of  the  other  two  groups.  The 
same  reasoning  can  be  applied  to  other  instants,  when  the 
currents  have  different  values,  to  show  that  there  is  no  mutual 
induction.  This  operates  to  reduce  the  ratio  of  three-phase  to 
single-phase  (terminal  to  neutral)  reactance  to  a  value  slightly 
lower  than  1.6. 

It  is  not  obvious  at  first  that  this  overlapping  of  phases  oc- 
curs in  the  case  of  tooth-tip  leakage.  Consider,  however,  that 
the  elimination  of  the  third  harmonic  in  this  term,  in  effect 
produces  a  path  of  uniform  reluctance  (similar  to  a  path  pf  air 
only  having  lower  reluctance)  for  the  tooth-tip  leakage.  In 
other  words,  the  case  is  similar  to  that  of  the  end  winding 
whose  leakage  path  is  air,  or  to  that  of  the  induction  motor 
rotating  main  field.  And,  as  in  the  two  latter  cases,  the  poly- 
phase field  is  greater  than  that  produced  by  one  phase  alone  by 
about  60  per  cent,  as  shown  in  Fig.  5a. 

Turning  to  the  question  of  appl5ring  the  reactance  in  the  cal- 
culation of  field  excitation  required  under  load,  experience  has 
demonstrated  that  the  use  of  the  zero  power  factor  value  of  re- 
actance (that  is,  the  value  determined  from  open-circuit  and 
short-circuit  test)  gives  reasonably  reliable  calctdation  of  field 
current  for  loads  of  any  power  factor.  Why  this  could  be  true 
when  the  reactance  at  80  per  cent  power  factor  is,  by  reason  of  the 
different  pole  position  when  the  current  is  a  maximimi,  about 
60  per  cent  higher  than  that  at  zero  power  factor,  was  a  perplex- 
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ing  question.  It  is  answered  by  the  appearance  of  the  in-phase. 
component  of  reactive  voltage  in  the  tooth-tip  factor.  The  r  I 
drop  is  in  phase  opposition  to  the  current;  and  the  voltage  con- 
sumed by  it  is  in  phase  with  the  current.  The  Xi  I  drop,  pro- 
duced by  leakage  interlinkages  in  phase  with  the  current,  is  90 
deg.  behind  the  current;  and  the  voltage  consumed  by  it  is  90  deg. 
ahead  of  the  current.  The  xj  /  drop  produced  by  leakage  inter- 
linkages 90  deg.  ahead  of  the  ciurent,  as  shown  in  Fig.  3c,  is  in 
phase  with  the  current;  and  the  voltage  which  it  consimies  is  in 
phase  opposition  to  the  current.  Fig.  7  shows  these  relations 
for  approximately  80  per  cent  power  factor,  and  makes  clear 
why  the  internal  voltage  £/,  determined  by  the  use  of  the  zero 
power  factor  reactance,  is  practically  the  same  as  £i  which  is 

actually  required  by  the  much 
/'Ckjtrwnt  /  >|T*'     higher  reactance,  corresponding 

e-T^nm^miu^  /Vjri     to  8C'  per  cent  power  factor,  the 


£^  *  ^ttarrjof  tbitogt  otta^Mtf 

>»o^«r,,rr„cuyK./yy  effect  of  the  latter  being  miti- 

t^ua^ngaaTf         £e. */    gated  by  the  m-phase  compon- 

£,  ,a,  ,^^x0naufy*q^u,£:  cnt  Xt  L  Thcrc  IS  a  difference  in 

PiG.  7— Voltage  Diagram  at  phase  between  Ei'  and  £i  which, 
80  Percent  Power  Factor       by  using  the  zero  power  factor 

value  of  reactance,  will  give  a 
calculated  excitation  slightly  too  low,  but  for  practical  pur- 
poses the  difference  is  considered  negligible. 

In  the  interest  of  simplicity  and  convenience  in  calculation, 
therefore,  it  is  proposed  that  for  the  present  at  least,  the  zero 
power  factor  value  of  reactance  be  used.  The  method  of  cal- 
culating field  excitation  which  is  given  in  this  paper  follows  that 
assiunption.  In  the  future  it  may  become  desirable  to  make 
correction  for  the  distortion  angle  and  power  factor;  hence  the 
problem  remains  open  to  this  further  refinement. 

Calculation  of  Arbiature  Reactance 

A  =  effective  armature  reaction  in  ampere  turns  per  pole 
a  =  conductors  per  slot;  for  a  double  layer  winding  a  is 

twice  the  number  of  turns  per  coil. 
C  «  air-gap  coefficient  based  on  Carter's  fringing  coefficient. 
c  *  number  of  circuits  in  multiple  in  armature  winding. 
Cm  *  reduction  factor  for  *«  at  zero  power  factor,  depending 

on  ratio  of  pole  arc  to  pole  pitch. 
Ci  =  reduction  factor  for  *<  at  zero  power  factor,  depending 
on  ratio  of  pole  arc  to  pole  pitch. 
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Ci  =  1.5  Ci  for  three-phase 

=  d  for  two-phase. 
Cj  -  1.5  Ca  for  three-phase 

=  C«  for  two-phase. 
d\  =  distance  from  top  of  copper  to  bottom  of  copper  in 

the  armature  winding  Fig.  8. 
^2  =  distance  from  top  of  copper  to  armature  face  Fig.  8. 
e  =  voltage  per  phase 
/  =  frequency  in  cycles  per  second. 
g  =  average  air  gap. 
In  =  normal  current  per  phase  in  amperes 
1  =  instantaneous  value  of  current  in  conductor 
K  =  reduction  factor  for  ^,  *<  and  *«  depending  on   pitch 

of  armature  coils. 
Kd  =  factor  for  effect  of  distribution  of  armature  coils  in 
calculation  of  induced  voltage,  depending  on  slots 
per  pole  and  phase. 

TABLE  II— Values    oir  K^ 

s  1234567  Sup 

Kd      Three-phase         1.0      1.035       1.043       1.044      1.045       1.046       1.047      1.047 
Kd      Two-phase  1.0       1.083       1.098       1.103       1.106       1.108       1.109       1.11 

Ki  =  factor  for  f>i  depending  on  slots  per  pole  and  phase. 
Kp  =*f actor  for  effect  of  short  pitch  of  armature  coils  in 
calculation  of  induced  voltage. 


Sin  (90^X/>) 


where  p  is  pitch  of  coil  in  per  cent  of  full  pole  pitch. 

K^  =  factor  for  effect  of  form  of  flux  wave  shape  in  calcula- 
tion of  induced  voltage.     Values  of  K^  are  given  in 
Fig.  20. 
L«s  length  of  one  phase  belt  of  end  connections. 

/  =  gross  stacked  length  of  armature  core  (iron  +  ducts) 
JV,  *  total  number  of  stator  coils 
n  =  number  of  phases. 
p  =  per  cent  pitch  of  armature  winding  ( =  0.8  for  80  per 

cent  pitch) 
q  =  number  of  poles 
5  =  slots  per  pole  and  phase. 
w^  =  width  of  slot 
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Wi  =  width  of  tooth  at  armature  face. 

For  w,  and  Wt  see  Fig.  8. 
Xa  =  reactance  in  ohms 
Xpa  =  armature  reactance  in  per  cent. 
a  =  ratio  of  pole  arc  to  pole  pitch 
r    —  pole  pitch  at  armature  core  surface. 
^  =  flux  per  pole  in  maxwells. 
^«  =  effective    tooth-tip  interlinkages  per  phase  belt  per 

ampere   conductor   for   unit   length   of   armature, 

when  the  entire  phase 

belt    is    between    the 

poles. 
<f>a  —  effective  instantaneous 

value  of  ^«. 
4>«  =  effective  end  connection 

interlinkages  per  phase 

belt  per  ampere  con- 
ductor for  unit  length 

of    phase    belt  of  end 

connections. 


B 
D 
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Fig.  8 — Slot  Dimensions 
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Fig.  9c 

Armature  Leakage  Flux 

Diagrams 


4>»  =  effective    tooth-tip  interlinkages  per  phase  belt  per 
ampere  conductor  for  unit  length  of  armature,  when 
the  entire  phase  belt  is  under  a  pole. 
(i>i  =  effective  instantaneous  value  of  ^<. 
4>,  =  effective  slot  interlinkages  per  phase  belt  per  ampere 

conductor  for  unit  length  of  armature. 
^  =  electrical  angle  by  which  the  armature  coil  span  is 
less  than  180  deg. 
Theory.    The  armature  leakage  flux  in  an  alternating-current 
generator  may  be  divided  into  three  factors. 

(1)  End  connection  leakage  flux,  represented  by  *,  L„  the 
eflfective  flux  per  ampere  conductor  interlinking  one  phase  belt 
of  end  connections.     (Fig.  9  A). 
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(2)  Slot  leakage  flux  represented  by  ^t,  the  eflEective  flux  per 
ampere  conductor  through  the  slot  interlinking  unit  length  of 
one  phase  belt.     (Fig.  9  B). 

(3)  Tooth-tip  leakage  flux  represented  by 

(a)  *i,  the  effective  flux  per  ampere  conductor,  crossing  the 
air  gap  into  the  pole  face  and  returning  across  the  gap  and  inter- 
linking unit  length  of  one  phase  belt,  when  the  entire  phase  belt 
is  under  the  pole.     (Fig.  9C.) 

(b)  *.,  the  effective  flux  per  ampere  conductor  emerging  from 
the  tooth  tips  and  interlinking  unit  length  of  one  phase  belt  when 
the  entire  phase  belt  is  between  the  poles.     (Fig.  9c.) 

The  expression  for  reactance  has  been  derived  by  a  number  of 
writers,  and  may  be  expressed  in  our  notation  by  the  following 
equation: 

"^       10^^ —  ^'  ^^^ 

Where  Lo  is  the  total  interlinkages  per  ampere  conductor 
in  the  phase  per  unit  length  of  the  armature*. 

The  factor \r^A  %    —  will  be  replaced  by  M  in  the  ioV 

\\r  C 
lowing  derivation. 

End  Connection  Leakage.  The  end  connection  leakage  can 
only  be  approximated,  but  the  value  of  ^,  L,  is  obviously  between 
the  following  two  limits. 

The  first  limit  assumes  that  the  length  of  the  path  around  the 
phase  belt  varies  directly  as  the  width  of  the  belt.     See  Fig.  9a. 

Then 

T 

where  Xi  is  a  constant. 

The  second  limit  asstmies  that  the  length  of  the  path  is  inde- 
pendent of  the  width  of  the  belt. 

Then  *,  would  be  constant. 

Obviously  4>,  can  not  change  directly  as  —  because  the  depth 

of  coil  is  a  factor  of  the  length  of  path;  on  the  other  hand,  the 
length  of  path  must  increase  some  as  r  increases,  that  is,  it  can 
not  be  independent  of  r.     Hence  the  variation  of  *,  must  be 

n                                              n 
between  the  first  power  of and  the  zero  power  of .     The 

T  T 

4.  Electrical  Machine  Design,  Gray  Edition  1013,  p.  21. 
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analysis  of  tests  for  entire  armature  reactance  on  over  100 
machines,  as  well  as  exploring  coil  tests  for  end  leakage  reactance 
on  a  125-kv-a.  generator  indicates  that  *,  varies  approximately  as 

V-^  that  is  ,  /-r- 

T 

The  length  of  the  phase  belt  Le  =  pT  K^, 

Then  *.  L.  =  Ki^/n  p  Vf 

For  a  three-phase  double-layer  winding,  and  dimensions  in 
centimeters,  Ki^/n  =  2.8  was  found  to  give  satisfactory  results. 

The  factor  for  a  two-phase  two-layer  winding  will  be  reduced 

V2 
in  the  ratio  of  —7=-  and  also  by  the  factor  0.667  on  account  of 

zero  mutual  induction  between  phases  in  this  case,  and  will  be 
1.6  in  round  numbers. 

The  end  connection  reactance  for  a  double-layer  winding  will  be 

2.8  M  p  vf  '  ,         ,^. 

X  =  j-^- Three-phase  (2) 

1.6  Mp  vf  ^         ,         .^. 

=  j^.£. Two-phase  (3) 

For  a  single-layer  winding  the  value  of  <l>,  L,  will  be  doubled 
as  proposed  by  Gray. 

Slot  Leakage.  Three-phase  coil  pitch  between  66.66  and  100 
per  cent.  The  expression  for  slot  reactance  with  short-pitch 
armature  winding  was  derived  by  Fechheimer',  and  is  used  with  a 


180 


correction  in  the  niunber  of  A  and  B  coils,  which  is- 

instead  of    o  v  iko    ^^  given  in  his  paper. 

Omitting  the  factors  for  the  top  of  the  partially  closed  slot  and 
modifying  for  our  notation,  the  expression  for  inductance  of 
open  slots  becomes 

L«0.4Ta«L^gg-  +  -_J3^^  + 

V96  w.  "^  8  w.  /  3X60  "^    3  V^       60/  V  3  w.  "^  wj  J         v*) 

6.  Pechheimcr  "Synchronous  Motors"  A.   I.  E.  E.,  Vol.  XXXI,  1912, 
p.  580. 
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Simplifying 

The  derivation  of  this  expression  in  the  above  paper  omits 
the  allowance  for  the  out  of  phase  component  of  the  reactive 
voltage  induced  in  one  phase  by  the  half  coils  of  another  phase 
in  the  same  slot.  The  final  expression  however  is  correct  as  it 
can  readily  be  seen  by  reference  to  Fig.  10,  the  reactance  com- 
ponent of  £a,  the  voltage  induced  in  phase  one  by  phase  two, 


Fig.  10 — Mutual  Induction 
IN  Short-Pitch  Armature 
Windings 
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will  be  exactly  balanced  by  the  reactive  component  of  E%  the 
voltage  induced  in  phase  one  by  phase  three. 

For  simplicity  and  with  very  little  decrease  in  accuracy,  we 
may  replace  the  two  short-pitch  factors  in  equation  (6)  by  an 
average  value  K  from  Fig.  11. 


Then 


,  =  mM^k 


\ZV3,    ^    W,/ 


(7) 


Pitch  below  66J  per  cent. 

Following  Fechheimer's  method  with  the  correction  for  num- 
ber of  half  coils,  the  expression  for  reactance  where  the' pitch 
is  less  than  66|  per  cent  will  be 


^°4^[H-4)3-1s+('-'-4l^] 


(8) 
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Replacing  the  two  factors  by  an  average  value  K  from  Fig.  11 

Two  phase. 

Pitch  between  50  and  100  per  cent. 

The  expression  for  two-phase  slot  reactance  with  short  pitch 
derived  by  a  similar  process  is 

Using  an  average  value  of  reduction  factor  from  Fig.  11 

Tooth-Tip  Leakage.  The  tooth-tip  leakage  may  be  most  con- 
veniently calculated  by  dividing  it  into  two  components;  the 
effective  leakage  flux  around  the  part  of  the  phase  belt  opposite 
the  iron  of  the  pole  face  (maximum  value  *<) ;  and  the  effective 
leakage  flux  around  the  part  of  the  phase  belt  between  the  poles 
(maximum  value  ^a). 

The  values  of  *»  and  *«  for  a  complete  phase  belt  were  deter- 
mined by  Gray.*  His  method  has]been  followed  for  4><  except  in 
detemMning  the  area  of  the  path  across  the  air  gap.  The  leak- 
age flux  will  fringe  from  the  teeth  in  almost  exactly  the  same 
way  as  does  the  no-load  flux,  hence  the  area  of  the  path  across 
the  air  gap  is  the  length  of  armature  times  the  tooth  pitch 
divided  by  the  air  gap  coeflScient,  Fig.  12b. 

For  one  and  two  slots  per  pole  and  phase, 

^i  =  0.4  '^   2  g  C  ^  ^ 

Following  Gray's  derivation,  it  will  be  found  that  for  higher 
nimibers  of  slots  per  pole  and  phase 

♦'-»■■"':' (ttt)  <») 

A  curve  for  Ki  plotted  against  slots  per  pole  and  phase  is 
given  in  Fig.  12a. 
Gray's  expression  for  *«  has  been  adopted  without  change, 

6.  Electrical  Machine  Design,  Gray  Edition,  1913,  p.  220. 
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and  simplified  by  assuming  w,  =  Wi,  which  gives  a  definite 
value  of  4>o  for  any  given  value  of  slots  per  pole  and  phase. 
*«  plotted  against  slot  per  pole  and  phase  is  shown  in  Pig.  12. 


»  fO  IZ  /j$.  /fl 

Fig.  12a 


Modification  of  ^i  and  ^a  by  Definite  Pole  Construction.  It 
should  be  noted  that  ^,-,  would  be  the  leakage  flux  per  ampere 
conductor  in  the  phase  belt,  if  the  phase  belt  were  opposite  the 
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pole  face  iron  throughout  the  cycle.  Also  *«  would  be  this  leak- 
age flux  if  there  were  no  iron  in  the  tooth-tip  leakage  path.  The 
actual  condition  is  a  path  partly  iron  and  partly  air  and  varying 
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in  proportion  of  air  and  iron  during  the  cycle.  This  condition 
may  be  approximated  by  calculating  the  interlinkages  in  the 
iron  part  of  the  path,  and  also  the  interlinkages  in  the  air  part  of 
the  path.  The  ratio  of  the  former  to  *»,  and  of  the  latter  to  *, 
will  be  reduction  factors  to  be  applied  to  *,•  and  *,  in  calculating 
the  reactances  due  to  tooth-tip  leakage.  The  actual  tooth-tip 
leakage  will  be  obtained  by  adding  the  two  parts  as  calculated 
in  this  way. 

The  general  theory  of  the  variation  of  *<  and  $«  at  zero  power 
factor  has  been  discussed  in  the  first  part  of  this  paper,  and  it 
will  now  be  applied  to  the  actual  calculation. 

The  instantaneous  values  of  leakage  flux  <^,-  i  vary  from  zero 
when  the  current  is  zero  (Fig.  13a  position  a)  to  a  maximum 
approximately  where  the  pole  begins  to  leave  the  phase  belt 
(Fig.  13a  position  b)  and  then  decreases  to  zero  where  the  phase 


m. 


FiG.  13a- 


PomitiorrC 

-Diagram  of  Pole  Positions 


Fig.  13b — Tooth-Tip  Leakage 


belt  is  entirely  between  the  poles.  (Fig.  13a  position  c).  The 
instantaneous  value  of  leakage  flux  <^o  i  is  zero  when  the  current 
is  zero,  and  remains  zero  until  the  pole  begins  to  leave  the  phase 
belt,  after  which  it  increases  gradually  to  a  maximum  where  the 
current  is  a  maximum  at  90  deg.  Obviously  the  curves  for 
<^i  i  and  <f>a  i  are  symmetrical  about  the  90  deg.  axis.  Fig.  14. 
The  values  of  <^»  i  and  <^«  i  for  complete  distribution  of  the 
armature  winding  were  calculated  by  the  following  methods. 

Tooth-tip  leakage  <f>a  i 

For  one  ampere  in  the  phase  beh  and  unit  length  of  phase  belt 
the  m.  m.  f .  at  x  (See  Fig.  13b)  is 


m.  m.  f.  = 


2x 

r 
n 


2nx 

T 


(14) 


where  n  =  number  of  phases 
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and  r  «  pole  pitch 


2nx     d  X 


aq>  ^  \)A 

w 

T            TX 

=  0.4  IT 

dx 

irr 

Let  effective  interlinkages  due  to  d  0  = 

d*. 

Then 

d<l>a 

n 

2nx 

T 

0.4x  ^^  d* 

TT 

«^.-    rd0.-O.4TX^-^  +  cj 


(16) 
(16) 

(17) 

(18) 
(19) 


For  a  =  0    <^o  =  0    Hence  C  =  0 


for  one  centimeter  of  phase  belt. 


*•  -  '2  A 


(t-)  <»» 


for  one  inch  of  phase  belt. 

For  the  special  case  of  three-phase  and  where  a  is  expressed  as 
a  per  cent,  of  r. 

0a  =  4.6  a'  for  one  inch  of  phase  belt.  (23) 

Tooth-tip  Leakage  0,-  i 

Referring  to  Fig.  13b 

m.  m.  f.  =  —^—  (24) 

r 

Let  gb  ^  average  air  gap  over  b. 


d,   =  0.4  T  -f-  -^^  (25) 
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Let  effective  interlinkages  due  to  d  (t>  —  d  (f>i 

d4>i^  ^"  d  4>  (26) 

T 

=      0-4ir2n»y»  (27) 

0.  =  0.4  V  ^     I   y  </  y  (28) 

0 

■r 


2  «*  T'^ 

=  0-4  TT  ^  /  +  c  I  (29) 

At  y  =  0    </>»•  =  0    hence  c  ^  0 

Where  b  and  g6  are  expressed  as  a  per  cent,  of  r 

^,  =  0.4t-^  (31) 

per  centimeter  of  phase  belt. 

="^  <»* 

per  inch  of  phase  belt. 

For  three-phase  and  one-inch  length  of  phase  belt. 

0,  =  2.4  -^  (33) 

The  area  of  leakage  path  across  the  air  gap  in  actual  machines 
will  be  reduced  due  to  the  effect  of  armature  slots  and  this  will  be 
allowed  for  by  the  introduction  of  the  air  gap  coefficient,  C, 
given  in  Fig.  12b. 

0,  -  2.4  -^  (34) 

The  derivation  of  the  actual  values  of  0»  i  and  0«  i  will  be 
illustrated  byan  example  for  three-phase  where  a  is  66J  per  cent. ; 
the  minimiun  gap  is  1.6  per  cent  of  the  pole  pitch;  and  the 
ratio  of  maximum  to  minimum  gap  is  2  to  1,  giving  an  average 
gap  of  approximately  2  per  cent  of  the  pole  pitch.  Average 
values  of  air  gap  coefficient  will  be  assumed.  The  arma- 
ture winding  will  be  assumed   to   be   completely   distributed. 
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Table  III  gives  the  calculation  of  0<  i  and  0o  *  as  the  current 
varies  through  90  deg.  calculated  from  the  formulas. 

4.6  a* 


<t>i 
0. 


from    (38) 
from    (28) 


TABLE  in. 


9 

h 

'6 

C 

*» 

^*6 

^ 

a 

a« 

*a 

i 

^* 

♦.♦■ 

0 

0.333 

0.0165 

1.00 

0.036 

0.018 

4.76 

0 

0 

0 

0 

0 

0 

15 

0.333 

0.0177 

1.00 

0.036 

0.0103 

4.43 

0 

0 

0 

0.26 

1.15 

0 

30 

0.333 

0.0188 

1.08 

0.036 

0.204 

4.2 

0 

0 

0 

0.50 

2.1 

0 

46 

0.25 

0.0196 

1.06 

0.0156 

0.0212 

1.75 

0.083 

0.007 

0.032 

0.71 

1.24 

0.023 

60 

0.167 

0.020 

1.08 

0.0047 

0.0216 

0.52 

0.167 

0.028 

0.128 

0.87  0.45 

0.111 

75 

0.083 

0.023 

1.07 

0.006 

0.0246 

0.06 

0.250 

0.063 

0.20 

0.07 

0.06 

0.28 

00 

0 

0.027 

1.07 

0 

•• 

0 

0.833 

0.110 

0.505 

1.0 

■• 

0.505 

Dimensions  are  expressed  as  per  cent  of  pole  pitch. 
Average  gap  =  0.02 

0.333» 


*<  =  2.4 


1.08  X  0.02 


=  4.08 


*.  «  4.6  X  0.333*  =  0.506 

Fig.  14  shows  the  above  values  of  0ii  and  4>ai,  and  the  total 
tooth-tip  leakage  over  180  deg.  These  waves  were  analyzed  for 
harmonics  and  the  equation  is  given  in  the  figure.  The  funda- 
mentals only  are  plotted. 

It  will  be  noted  that  the  thiid  is  the  most  impoitant  har- 
monic, and  since  the  third  harmonics  cancel  in  the  terminal 
voltages  of  star  connected  three-phase  machines,  the  effect  of 
only  the  fundamental  needs  to  be  consideied.  It  is  obvious 
from  the  equation  in  Fig.  14  that  the  higher  harmonics  may  be 
neglected  without  introducing  any  appreciable  error. 

Ci  is  the  ratio  of  the  maximum  value  of  the  fundamental 
of  <t>i  i  Fig.  14  to  the  value  of  *,•  that  is, 


Similarly 


Ci 


C.  = 


0.22 
0.505 


0.218 


=  0.435 


In  the  derivation  of  d  and  Co  a  sine  wave  of  armature  current 
has  been  assumed.     This  is  very  neaily  the  case  with  a  star- 
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connected  machine,  and,  as  has  been  explained,  in  a  A-connec- 
tion  the  short-circuit  current  as  read  on  an  anuneter  is  prac^icahv 
equal  to  that  with  star-connection  for  the  same  field  current. 
The  values  of  d  and  Ca  as  derived  for  star  connection  may  there- 
fore be  used  for  delta  connection,  even  though  the  current  is  net 
a  sine  wave  in  the  lattei  case. 

The  values  of  d  and  C«  were  calculated  for  complete  distribu- 
tion of  the  armature  winding  with  various  latios  of  pole  arc  to 
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Fig.  14 
0»=  .89  sin  d  +  1 .22  sin  3  d  -h  .29  sin  6  ^  -  .16  sin  7  & 

-.18  sin  9  0  -  .06  sin  11  d 
0««  .22  sin  &  -    .  13  sin  3  d  +  .06  sin  5  &  -  .04  sin  7  & 

+  .04  sin  9  0  -  .01  sin  11  0 
</>i  +^o  =  1.11  sin  d  +  1.09sin3  &  +  .36sin6  d-  . 19  sin  7  ^ 

-  .14sin9  &-  .07  sin  11  0 

pole  pitch  for  three  phase  and  two  phase  by  the  method  shown  in 
Table  III,  and  are  given  in  Fig.  15. 

The  variation  of  d  and  Ca  with  distribution  of  the  armature 
winding  was  investigated  and  it  was  fotmd  the  lesults  obtained 
by  the  application  of  these  factors  d  and  Ca  to  *<  and  *«  would 
give  practically  correct  results  when  applied  to  the  case  of  one 
slot  per  pole  and  phase.  It  is  evident  that  there  is  just  one  leak- 
age path  around  the  coil  in  the  case  of  one  slot  per  pole  and  phase, 
and  this  path  will  be  partly  through  the  pole  face  iron  and  partly 
through  air,  but  the  length  of  path  in  each  will  vary  as  the  pole 
moves  along.  The  total  interlinkages  were  calculated  over  90 
deg.  for  this  condition  and  the  waves  analyzed.     It  was  found 
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that  the  ratio  of  the  fundamental  of  the  total  interlinkage  wave 
in  this  case  to  the  value  of  *»  +  ^a  was  piactically  the  same  as 
the  ratio  of  d  4>i  +  Ca  *a  to  ^i  +  4>a,  that  is  the  values  of  C,- 
and  Ca  derived  for  complete  distribution  apply  also  to  one  slot 
per  pole  and  phase. 

It  is  very  important  to  note  that  while  the  values  of  d  and 
Ca  do  not  change  with  distribution,  *»  and  4>a  do  show  a  large 
variation. 

The  polyphase  effect  in  tooth-tip  reactance  has  been  discussed 
in  the  first  part  of  this  paper  and  is  taken  into  account  by  in- 
creasing the  values  of  d  and  Ca  c^ 
by  50  per  cent  for  three  phase. 
For  two  phase  the  values  of  C, 
and  Ca  are  used  as  calculated  for  o^  ■ 
one  phase  of  the  winding. 

Let  C\  be  the  factor  by  which  oj»  - 
*i  is  multiplied  to  obtain   the 
effective  interlinkages  per  am- 
pere, and  Ct  be  the  factor  for  4>a 
Then 

Ci  =  1.5  Ci  for  three  phase 

=  Ci        for  two  phase 
C'i   =  1.5  Ca  for  three  phase 
=  Ca  for  two  phase 

It  will  be  noted  that  the  values  of  d  and  Ca  are  not  the  same 
for  two  phase  as  for  three  phase. 

The  factors  Ci  and  C%  for  both  three  phase  and  two  phase 
are  plotted  against  ratio  of  pole  arc  to  pole  pitch  in  Fig.  16. 

The  reduction  factor  for  tooth-tip  reactance  accounting  for 
short  pitch  coils  may  be  taken  as  the  average  factor  K  from 
Fig.  11. 

Reactance  Formulas,  The  various  factors  of  the  reactance 
formula  may  be  combined  to  give  the  following  equation  for  a 
double-layer  armature  winding. 

For  dimension  in  centimeters. 
Three  Phase. 

End 

27r/  s^a^  ql      (2.8pVt     , 


Fig. 


Aati^Po^Src  to  Po*tPttc/t 

15 — Values  of  d  and  Ca 
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Two  Phase. 

End 


1235 


_  2  wfs^a^  ql   {    1.6  p  Vr 
l(Pc« 


...^_^(-^. 


Slot 


L       ^      V  3  w.      w.  / 


Tooth  Tip 

+0.4TCiii:,  "'^+J"+C,».]}    (36) 


For  single  layer  armature  winding,  multiply  end  connection 
factor  by  2.0  and  use  K==l.O. 


0.20 


~o32     o3«      otd     0^5     o.es 

oc'Rotio  pof%  ore  topo/mpftch 

Fig.  16 — Values'of  C\  and  C« 
Reduction  Factors  for  Tooth-Tip  Leakage 
Ci  «  1 . 6  Ci  for  three  phase 
=  C<  for  two  phase. 

C2  =  1.6  Cafor  three  phase 
«  CcL  for  two  phase. 

For  dimensions  in  inches. 
Substitute  4.5  for  2.8  in  factor  for  three-phase  end  leakage; 
2.5  for  1.6  in  case  of  two-phase:  and  3.2  for  0.47r  in  slot  leakage 
and  first  factor  of  tooth-tip  leakage.     Use  *a  in  lines  per  inch. 

Where  «« =  armature  reactance  per  phase  in  ohms. 
/  =  frequency  in  cycles  per  second 
$  =  slots  per  pole  and  phase 

a  =  conductors  per  slot;  for  a  double  layer  winding  a 
is  twice  the  number  of  turns  per  coil. 
2  «  number  of  poles 
I   =  gross  stacked  length  of  armature  core  (iron  -|-  ducts) 
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c  =  number  of  circuits  in  multiple  in  armature  winding 
p  =per  cent  pitch  of  armature  winding  (  =  0.8  for  80 

per  cent  pitch) 
r   =  pole  pitch  at  armature  core  face 
K  =  reduction  factor  depending  on  pitch  of  armature 

coils 
di  =  distance  from  top  of  copper  to  bottom  of  copper 

in  the  armature  winding.     Fig.  8 
^2  ■=  distance  from  top  of  copper  to  armature  face  Fig.  8 
Ci  =   1.5  Ct  for  three  phase 

=   Ci  for  two  phase 
C2  ==   1.5  Ca  for  three  phase 
=   Ca  for  two  phase 

See  Fig.  16  for  Ci  and  Cj 
Ki  =   factor  for  **  depending  on  slots  per  pole  and  phase 
w,  =   width  of  slot  Fig.  8 
Wt  =   width  of  tooth  at  armature  face  Fig.  8 
g  =  average  air  gap 
C    —  air   gap   coefficient   based   on   Carter's   fringing 

coefficient 
*a  =  effective  tooth  interlinkages  from  Fig.  12 

Reactance  in  Per  Cent.  It  is  very  convenient  to  have  the  re- 
actance expressed  in  per  cent  and  in  terms  of  quantities  easily 
available  from  the  design  of  the  machine. 

Three  Phase 

/  X 
Per  cent  reactance  is  given  by  Xpa  =  -^^-^  (37) 

e 

{Xpa  =  0.20  means  20  per  cent  reactance) 
Where     In  =  normal  current  per  phase 

Xa  .=  reactance  per  phase  in  ohms 
e  ==  voltage  per  phase 

A        .  .'A         2U2  sain  ,««, 

Armature  reaction  A  =  ^  zr    v   zr  (38) 

Z  Ap  Atf  A^  C 


Flux  per  pole  * 2.22saaf 


(39) 


Let  Lo  =  bracket  expression  from  reactance  formulas  (35)  or  (36) 

2ir/  s*a*gi 
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(41) 


From  (88)  2  K,KdK^A 

2.12  s^a 


andfron>(89)  ^  -J^T^c*  ^^^ 


X-.    = 


/  Xa  2.67  a:/  ii:^  Jf^M  /      .  , -^. 


Two  Phase 
Replacing  the  factor  2.12  in  the  armature  reaction  formula 
by  1 .41  the  formula  for  two  phase  becomes 

.^  ,     4.  K^^K^^K,^  A  I   ^^  (^j 

Where  Kd,  and  Lo  are  based  on  the  two- phase  curves  and 
formulas.    See  reactance  formula  (36). 
Working  Formulas.    The  expression  for 

♦,-0.4T/5:,    «'•  +  «" 


2gC 

for  dimensions  in  centimeters  and 

w,  +  Wi 


3.2  Ki 


2  gC 


for  dimensions  in  inches  may  be  simplified  by  assuming  w,  «  Wt 
and  then  a  series  of  curves  for  4>i  plotted  against  the  values  of 

TV 

—  may  be  derived  for  different  values  of  slots  per  pole  and 

phase.  The  curves  are  given  for  dimensions  in  inches  in  Fig.  17. 
The  working  formulas  for  reactance  of  double  layer  windings 
with  lengths  expressed  in  centimeters  are  as  follows: 

Three  Phase 

End 

2,67  {KpKdK^y  A  I   /   2.8  p  VT  , 
*«-  -=  ^  \         I  + 


Slot  Tooth  Tip 


(«) 
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Two  Phase 

End 

^      ^     i,{K,K<iK^y  A  I  1 1.6  ^V7   . 

Slot  Tooth  Tip 

Note  that  factor  0.39  is  introduced  in  the  tooth-tip  leakage 
because  *»•  and  *q  in  the  curves  are  expressed  in  leakage  lines 
per  inch  length  of  core. 

For  dimensions  in  inches. 

Three  Phase. 

End 

2.67  {Kj,KdK^y  A  I    /  4.5  ^  V^    , 

Slot  Tooth  Tip 


Two  Phase 

End 


4.0  (K,  Kd  K^Y  A  I      j  2.5  p  Vt 


Slot  Tooth  Tip 

'^[^{it.+  w)^ '•*'+''*■])         my 

See  Fig.  11  for  K,  Fig.  17  for  *,,  Fig.  12  for  (t>a  and  Fig.  16  for  Ci 
and  Ci.     (xpa  =  0.2  means  20  per  cent  reactance.) 

Reactance  Curves.  The  formula  may  be  still  further  simpli- 
fied by  assuming  average  values  of  di,  dj  and  w,  for  a  certain 
narrow  range  of  slot  pitches.  A  series  of  five  curves  covering 
the  ordinary  ranges  of  slot  pitches,  and  giving  values  of  end, 
slot  and  tooth-tip  factors  as  a  function  of  the  slots  per  pole  and 
phase  are  given  in  Figs.  20a,  20b,  etc.  The  curves  will  give  the 
accuracy  necessary  for  most  calculations  of  reactances  and  make 
the  work  quite  simple. 

Reactance  of  Non-Salient  Pole  Generators.  The  reactance  of 
turbine  generators,  the  most  common  type  of  non-salient  pole 
machines,  was  calculated  by  assimiing  the  ratio  of  pole  arc  to 
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pole  pitch  to  be  the  ratio  of  the  unslotted  pole  centre  to  pole 
pitch.  Since  practically  all  machines  of  this  type  now  have 
five  or  more  slots  per  pole  and  phase,  the  expression  for  4>»  was 
simplified  by  substituting  in  equations  (36)  and  (36)  the  value 
of  Ki  expressed  as  a  function  of  the  slots  per  pole  and  phase. 

That  is  Ki  =  0.625  +  0.156  s  (stove  5  =  4)  (49) 

With  a  ratio  of  pole  arc  to  pole  pitch  of  33  per  cent,  an  ap- 
proximate average  for  turbine  generators,  the  value  of  Ci  is 
0.076  for  three  phase  and  0.035  for  two  phase,  and  C2  is  1.32  for 
three  phase  and  0.60  for  two  phase. 

Three  Phase 
Ci  ^i  =  0.075  (0.625  +  0.156  s)  0.4  t  ^^"^^*  (50) 

in  lines  per  centimeter. 

Ci  *i  =  0.075  (0.625  +  0.156  s)  3.2    ^' "^  !f  *  (61) 

^  g  C 

in  lines  per  ampere  cond'r  per  inch. 

Allowing  the  approximation  w,  =  Wt  and  simplifying  we  have 

Ci  ^i  =  (0.059  +  0.015  s)  -^  (62) 

in  lines  per  centimeter. 

Ci  ^i  =  (0.15  +  0.038  s)  -^  (63) 

in  lines  per  inch. 

C2<f>a  =  1.32  X  0.198  =  0.26  line  per  centimeter 
=  1.32  X  0.50    =  0.66  line  per  inch. 

Two  Phase 
Similarly 

Ci  4>,  =    (0.0275  +  0.007  s)  -^  (64) 

lines  per  centimeter. 
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Ci  ♦<  -  (0.07  +  0.018  s)  ^  (66) 

lines  per  inch. 

C»  *,  ■«  0.12  line  per  centimeter. 
=  0.3  line  per  inch 

Substituting  these  values  in  equations  (46),  (46),  (47),  and 
(48)  will  give  the  formulas  for  turbine  generator  reactances. 

Application  of  Formula.  The  use  of  the  reactance  formulas 
will  be  illustrated  by  the  application  of  equation  (47)  to  a  6600- 
kv-a.  three-phase  26-cycle  14,000-volt  generator. 

Example: 

s     =  6.25    />  =    82.5%  =  0.825  A    =  11.000      g  =  0.925 
T     =  36.5    a  =  0.698  w,   -  1.126 

di   -  3.2     dt  -  1.05  ♦    -  47.8  X  10« 

K,  =  1.04  Kd  =  1.046  K^  =  1.016 

2.67  (1.04  X  1.046  X  1.016)*  11,000X38  _   -  _„„ 
47.8  X  10«  ""^ 

4.5 />  Vf       4.5  X  0.825  VseT 

^ 3g =  0.69 

3.2  /  dx      ■    A.  \  =  M  /  3.2  r05_\  ^ 

*     \Zw,  w,   J       5.25\3.376  "^  1.125/ 

K  -  0.885        K  X  1.15  =   1.02 

i^=5ii  =  i22    *..  =  5.i    c:..o.37 

K  ^i  Ci  =  5.1  X  0.37  X  0.885         »   1.67 

^a  =  0.54        Cj  =  0.57 

K^aCt  =  0.54  X  0.57  X  0.885        =  0.27 

3  55 
«„  =  0.0283  X  3.55  =  0.10 

=   10  per  cent 
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Pig.  17 


Pig.  18 — Excitation  Diagram 


P.O.  19a — M.  If.  F.  Diagram  for 

OVBR-BXCITBD  MaCHINB 


Fig.  19b — M.  m.  f.  Diagram  for 
Undbr-bxcitbd  Machinb 
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a^fs 


05^    ii56     aeo     o&4      aes 
ffatio  Fb/e  /Ire  to  Pole  Pitch. 


Q?Z      iSt76 


Fig.  20 
Flux  Distribution  Coefficient,  X^ 

Note:  Curves  apply  to  poles  having  a  constant  radius  of  pole  arc  for  all  points  oi 
the  arc  except  the  extreme  tip,  which  is  rounded  off  by  small  radius.  The  maximum  air 
gap  is  taken  as  the  radial  intercept,  at  the  pole  edge,  between  the  armature  face  and  the 
pole  arc  extended.  That  is.  the  rounded  tip  of  small  radius  is  neglected  in  determining  the 
maximum  gap. 
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45        €       7       a       sf       /o      // 

3i€ft^  per  Pha:^  per  Poie 

Pig.  20c 
Armature  Reactance  of  Three-Phase  Alternators 

Kr  K^  A  I 


Armature  Reactance  xpa' 


* 


[^ 


+  X  (La  +  C,  L,  +  Li) 


(For  20%  Reactance  acp«  »  0.20) 

Xr,  K,  Li,  La,  Li,  L4  and  Ci  are  given  by  curves. 

A   ^  A  T  armature  reaction  per  pole. 

$    »  magnetic  flux  per  pole  in  maxwells. 

/     "  gross  length  of  armature  in  inches  (iron  +  ducts). 

p    —  arm.  winding  pitch  (0.8  for  80  per  cent) 

K^  -  flux  distribution  factor  (Fig.  20) 
Curves  for  Slot  Pitch  1 . 3  to  1.6.  Two- Layer  Windings. 

For  Single-Layer  Windings  multiply  Li  by  2.0  and  use  K  -  1.0. 
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PART  II 

Transient  Reactance  and  Short  Circuits 

A  great  deal  of  work  has  been  done  toward  placing  the  phen- 
omena of  short  circuits  upon  a  calculable  basis,  but  there  is  much 
yet  to  be  done.  Diamant's  paper^  reviewed  historically  the 
development  of  the  theory  underlying  short  circuits  giving  in 
detail  the  equations  of  Berg  and  Boucherot,  and  with  some  ex- 
tensions in  the  mathematics,  gave  an  expression  from  which,  if 
all  the  factors  were  known,  the  entire  wave  of  instantaneous 
current,  from  the  instant  of  short  circuit  until  the  sustained 
value  is  approached,  might  be  predicted.  The  potential  useful- 
ness of  such  an  expression  is  obvious;  but  it  is  equally  obvious 
to  what  extent  its  usefulness  is  restricted  until  all  of  the  factors 
are  known. 

This  paper  offers  methods  by  which  the  factors  may  be  cal- 
culated with  practical  accuracy  on  certain  classes  of  machines, 
(those  with  salient,  laminated  poles  without  amortisseur  wind- 
ing) but  there  are  refinements  yet  to  be  made,  and  extensions 
to  be  worked  out  for  other  types  of  machines. 

Diamant's  equation  (26)^,  which  gives  the  curve  of  positive 
crests,  is  x)erhaps  the  most  practical  form  for  the  engineer's  use. 
In  our  notation  and  simplified  for  the  condition  of  short  circuit 
occurring  at  zero  voltage  (i.e.  wave  completely  offset,  which  must 
be  assumed  in  most  engineering  calculations)  is, 

ic  =  \/2  (/o  -  /.)  €-«/*  +  V2 /o  €-««*  +  V2 /. 

=  ii  +  i2  +  V^/. 
where 

/o   =  alternating  component  of  short-circuit  current   =   

Xo 

E     =  voltage  per  leg. 

Xo  «  total  reactance  effective  on  sudden  short  circuit.  This 
should  be  called  transient  reactance,  as  suggested  by 
Durgin  and  Whitehead'  and  by  F.  D.  Newbury^'. 

/,    =  value  of  sustained  short-circuit  current. 

«/   =  field  attenuation  factor,  defined  later. 

7.  Trans.  A.  I.  E.  E..  1915.  Vol.  34.  p.  2237. 

8.  Term  proposed  by  Hewlett,  Mahoney  and  Burnham,  Trans.  A.  I.  E, 
E.,  1918,  Vol.  XXXVII,  p.  128. 

9.  Trans.  A.  I.  E.  E.,  Vol  31,  1912,  p.  1662, 
10,  EUc,  Journal,  April  1914,  p.  19^. 
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cr«    =  armature  attenuation  factor,  defined  later. 
t       =  seconds  after  short  circuit. 

For  calculation,  a  convenient  form  is: 


1st  term, 


2d  term. 


log, ', =  a/t 


V2/0 


€-«a< 


log.  — ^ —  =  aai 

Fig.  21  shows  the  skeleton  thus  derived.   Beyond  the  ordinate 
A,  when  it  is  practically  zero,  the  wave  is  sjmimetrical  about 


Fig.  21 — Short-Circuit  Armature  Current 


the  horizontal  axis.  The  curve  of  negative  crests  between  0  and 
c  opin  be  obtained  by  plotting  1*2  from  the  zero  line  as  shown  by 
dotted  curve  n  m.  This  may  be  then  taken  as  the  zero  of  the 
alternating  component;  i.e.  make  a  =  ft  at  all  points  between  0 
and  tn. 

With  the  curve  shown  in  Fig.  21,  the  three  questions  which  the 
designing  engineer  is  asked,  can  be  more  accurately  answered 
than  in  the  past;  namely,  what  is  the  first  rush  of  current;  what 
is  the  current  at,  say,  M  or  3^  second  after  short  circuit,  this  in- 
terval depending  usually  upon  the  operating  time  of  the  circuit 
breaker;  and  what  is  the  sustained  value. 

The  sustained  value  is  easily  taken  from  the  design  sheet  by 
the  well  known  method.     The  value  of  /o  is  determined  by  the 
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transient  reactance,  xq.  And  it  will  be  shown  later  that  a/  and 
aa  depend  upon  xo  and  the  resistance  of  field  and  armature 
circuits. 

In  the  past,  the  rate  of  decrease  of  the  current  has  been  pre- 
determined by  empirical  curves,  based  upon  oscillographic  data, 
such  as  given  by  Hewlett,  Mahoney  and  Bumham^^.  After  all, 
for  commercial  engineering  work,  such  curves  will  still  be  used; 
but  in  their  preparation  or  in  the  investigation  of  special  cases, 
the  above  equation  will  be  very  useful.  But  before  those 
curves  can  be  used,  the  generator  transient  reactance  which 
adds  directly  to  the  external  reactance,  must  be  known. 

The  authors  would  make  it  clear  at  this  point  that  they  are 
not  in  agreement  with  conception  given  in  Diamant's  paper,  of 
the  factors  which  determine  the  first  rush  of  current,  and  of  what 
constitutes  the  factors  a/  and  aa.  He  states  that  the  initial  value 
of  the  alternating  component  (crest  value) ,  which  he  calls  (A  +B) , 
**is  equal  to  the  maximum  phase  voltage  before  short  circuit 
divided  by  the  armattire  impedance,  with  good  approximation." 
As  brought  out  in  the  following  paragraph,  this  assumption 
would  lead  to  serious  error  in  many  cases.  The  matter  of  a/  and 
aa  will  be  discussed  in  subsequent  pages. 

Turning  now  to  the  problem  in  hand,  the  reactance  which  limits 
the  initial  short-circuit  current  in  most  synchronous  machines 
is  not  the  armature  self -inductive  reactance  only;  it  is  rather  the 
combined  self -inductive  reactance  of  both  the  armature  and  field 
circuits.  The  calculated  short-circuit  current,  based  on  the  arma- 
ture self-induction,  is  therefore  higher,  in  some  cases  40  to  50 
per  cent  higher,  than  the  actual  short-circuit  current.  In  salient, 
laminated  pole  alternators,  in  which  the  field  leakage  flux,  that 
is,  the  self-induction,  is  large  and  in  which  rotor  eddy  currents 
are  practically  negligible,  this  difference  is  more  pronoimced 
than  in  the  continuous  rotor  construction  of  turbine  generators, 
in  which  the  effective  field  self-induction  is  largely  reduced  by  the 
distribution  of  the  field  winding  and  also  by  the  solid  steel  rotor," 
or  in  salient  pole  machines  with  low  resistance  amortisseur 
winding.  Hence  in  the  latter  two  cases,  as  might  be  expected  and 
as  experience  indicates,  the  armature  self -inductive  reactance  is  a 
reasonably  accurate  measure  of  the  short-circuit  current;  and  it 
is  proposed,  for  the  present  at  least,  that  this  basis  be  used  for 

11.  Trans.  A.  I.  E.  E.,  1918,  Vol.  XXXVII,  p.  130. 

12.  A.  B.  Field,  Trans.  A.  I.  E.  E.,  Vol.  31,  Part  2.  p.  1651. 

13.  Trans.  A.  I.  E.  E.,  Vol.  31,  Part  2,  p.  1657. 
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these'cases.  This  is  not  the  point  of  view  taken  by  Durgin  and 
Whitehead"  in  1912.  Their  conclusion,  based  on  tests  of  a 
12,000-kw.,  9000-volt,  25-cycle  turbo-generator  in  the  Fisk 
Street  Station  of  the  Commonwealth  Edison  Company,  was 
that  "the  short-circuit  cturents  of  alternators  are  limited  by 
reactance  much  more  complex  and  much  higher  than  the  self- 
inductive  reactance  of  the  armature."  While  the  authors 
agree,  as  stated  above,  that  this  is  true  for  alternators  with 
salient,  laminated  poles,  they  submit  that  it  is  not  true  for 
many  turbo-generators,  as  now  ordinarily  constructed,  or  in 
the  case  of  salient  pole  machines  with  low  resistance  amortisseur 
windings.     Tests  in  Table  IV,  confirm  this. 

In  order  to  establish  a  conception  of  the  effect  of  armature 
and  field  self-induction,  consider  in  part  the  phenomena  which 
occur  in  an  alternator  under  short  circuit,  and  the  fundamental 
principle  involved.  A  closed  electric  circuit,  without  resistance, 
must  persist  magnetically  in  the  same  condition  as  at  the  instant  of 
closing;  that  iSy  must  contain j  so  long  as  it  is  closed,  the  same 
number  of  magnetic  interlinkages.  If  the  flux  tends  to  increase 
or  decrease,  this  will  produce  a  current  of  sufficient  magnitude 
to  maintain  the  interlinkages  which  existed  when  the  circuit 
was  closed.  This  law  determines,  in  a  large  measure,  what 
happens  under  short  circuit;  because,  although  both  the 
armature  and  field  circuits  actually  contain  some  resistance, 
and  the  currents  therefore  die  down  in  the  familiar  transients, 
Fig.  22,  yet  its  effect  during  the  first  cycle  or  so  after  short  cir- 
cuit is,  for  qualitative  considerations  at  least,  negligible. 

It  follows  that  the  flux  linked  with  the  field  winding  before 
short  circuit  must  persist  after  short  circuit;  that  likewise 
whatever  flux  is  caught  in  the  armature  circuit  at  the  instant  of 
short  circuit,  must  there  persist;  and  that  the  flux  from  the 
rotating  field  poles  can  not  now  enter  the  armature,  i.  «.,  can 
not  change  the  magnetic  interlinkages  of  the  armature  circuit. 

Consider  a  simple  case  of  closed  circuit  in  Fig.  23.  The 
closed-ring  conductor,  without  resistance,  is  moved  from  position 
a  to  the  center  of  the  magnetic  field,  0,  in  b.  This  causes  a 
current  Jo  in  the  ring — a  current  sufficient  to  produce  around  the 
leakage  paths  of  the  ring  a  flux  equal  to  —  <^.  This  is  illustrated 
hypothetically  in  c.  But  h  in  the  ring  in  b  tends  to  demag- 
netize the  field.  This  requires  a  corresponding  increase  in 
m.m.f.  of  the  field  coil,  to  maintain  the  flux  <^  linked  with  the 
coil.  The  result,  as  shown  on  6,  is  to  force  the  flux  around  the 
ring. 
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Suppose  the  ring  is  closed  around  the  flux  as  shown  in  d. 
Then  if  the  ring  is  moved  to  position  in  /,  the  result  will  be  as 
shown:  the  magnetic  flux  0  will  remain  linked  with  the  field 


/^i^m.Mlr 


Fig.  23 — Diagrammatic  Rbpresentation  of  Short-Circuit  Fluxbs 


coil,  as  in  d,  and  in  addition,  another  magnetic  field  of  equal 
value  will  be  maintained  around  the  ring  by  a  current  /o,  the 
same    value,    (assuming    equal    reluctance   of   leakage    path), 
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PLATE  XXXVIII. 
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[OOHBRTY  AND   SHIRLEyI 

Fig.  25b. — Actual  Magnetic   Distribution  of  a  Four-Pole  Field — 
Derived  Distribution  Shown  in  Fig.  25a 
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which  was  necessary  in  b.  Force  is  required  to  move  the  ring 
from  d  to  /,  as  shown  by  the  distortion  in  e.  The  work  done  in 
moving  the  ring  is  the  energy  stored  in  the  new  magnetic  field 
around  the  ring  in  /.  If  the  ring  containing  zero  flux,  as  in  a, 
were  moved  along  in  g,  the  current  would  rise  to  /©  when  under 
Ay  decrease  to  zero  between  A  and  -B,  and  rise  to  —  /o  under  5; 
in  other  words,  an  alternating  current  would  be  produced.  If, 
however,  the  ring,  enclosing  the  flux  <f>  and  containing  the  direct 
current  /o,  as  in  /,  were  moved  as  above,  the  current  would  de- 
crease to  zero  under  A,  rise  again  to  /o  between  A  and  J5,  and 
reach  2/o  under  B.  In  this  case,  the  resultant  current,  varying 
from  zero  to  2/o  is  made  up  of  an  alternating  component  and  a 
direct  component j  the  latter  being  equal  to  the  maximum  of  the 
former. 

The  events  occurring  in  an  alternator  immediately  after  a  no- 
load  single-phase  short  circuit  have  thus  been  illustrated.  The 
short  circuit  at  maximum  voltage  is  represented  by  the  ring  en- 
closing zero  flux,  the  short  circuit  at  zero  voltage,  *by  the  ring 
enclosing  the  flux  4>.  Fig.  23e  illustrates  how  a  large  alternating 
torque  is  produced  when  the  short  circuit  occurs  at  aero  voltage. 

A  three-phase  short  circuit  at  no  load  is  different  from  the 
single-phase  short  circuit  in  this  important  respect,  that  it  is  im- 
possible, three-phase,  to  have  the  short  circuit  occur  when  zero 
flux  is  enclosed  in  the  short-circuited  armature  winding.  The 
entire  flux  is  at  all  times  enclosed  by  some  parts  of  the  armature 
winding,  and  therefore  in  whatever  position  the  field  structure 
happens  to  place  the  flux  when  the  short  circuit  occtu^,  there 
it  must  remain,  a  series  of  polar  regions,  stationary  in  space, 
while  each  field  pole  with  its  equal  value  of  flux  moves  on 
These  stationary  polar  regions  of  normal  intensity,  of  course 
generate  in  the  rotating  field  winding  an  alternating  current  of 
normal  frequency,  and  of  a  maximum  value  in  m.m.f.  equal  to 
the  direct  current  which  maintains  the  stator  polar  regions. 
That  is,  the  flux,  once  intact  through  the  entire  normal  mag- 
netic path  is  now  literally  torn  apart  at  the  air  gap,  and  at  180 
electrical  degrees  from  the  instant  of  short  circuit,  forms  two 
separate  magnetic  circuits,  closing  through  the  leakage  paths 
between  armature  and  field  windings.  At  the  end  of  one  cycle 
the  flux  is  again  intact  through  the  normal  path.  All  the  work 
which,  during  the  first  half  cycle,  was  done  on  the  field  in  tearing 
it  apart,  in  actually  establishing  normal  interlinkages  in  cir- 
cuits of  much  lower  permeance  than  that  of  the  normal  circuit,  is 
returned  to  the  rotor  during  the  last  half  cycle.     The  torque 
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which  accompanies  this  transfer  of  energy  has  been  calculated 
by  S.  H.  Weaver,  G.  E.  Review,  Nov.,  1915. 

Return  to  the  question  of  the  self-inductive  reactance  exist- 
ing at  sudden  short  circuit.     It  has  been  generally  tmderstood 


FiO.  2iA — Derived  Diagram  of  Magnetic  Distribution  of  Salient- 
Pole  Machine 

how  the  armature  self-induction  limits  the  initial  short-circuit 
current;  that  is,  how,  if  a  machine  had  10  per  cent  armature 
self-induction,  normal  armature  current  would  cause  flux  through 


Pig.  24b — Derived  Diagram  of  Magnetic  Distribution  of  Salient- 

Pole  Machine 

the  armature  leakage  paths  equal  to  10  per  cent  of  normal  flux, 
and  that  therefore  on  sudden  short  circuit,  when  (neglecting 
field  self-induction)  the  total  normal  flux  must  be  absorbed  in 
the  leakage  paths,  the  armature  current  would  have  to  rise  to 
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ten  times  normal.  It  may  not  have  been  so  clear  how  and  ta 
what  extent  the  field  self-induction  affects  the  short-circuit 
current.  Prom  foregoing  considerations,  and  from  an  approx- 
imate knowledge  of  the  field  leakage  paths,  it  is  possible  to 
determine  this  point.  The  leakage  paths  have  been  approximately 
determined  by  plotting  eqtd-magnetic  potential  lines  as  shown 
in  Figs.  24a  and  24b.  T^e  flux  must  be  at  right  angl^  to  these 
lines.  The  entire  flux  emanating  from  field  poles  of  different  pro- 
portions- is  thus  illustrated  in  these  diagrams.  Pigs.  25a  and 
25b  show  the  graphically  determined  and  actual  magnetic  dis- 
tribution of  a  4-pole  rotor  with  an  iron  plate  bridging  the  poles, 
wooden  blocks  supporting  the  ends  and  forming  an  air  gap.  It 
will  be  noted  that  a  large  portion  of  the  leakage  flux  emanates 


1           — - 

1 

\    ^ 

p^ 

Pio.  25a — Derived  Diagrams  of  Magnetic  Distribution  or  the 
Four-Pole  Field  Shown  in  Fig.  25b 

from  the  under  side  of  the  pole  tip,  which,  we  believe  has  not 
generally  been  considered  in  leakage  calculations.  In  Pig.  25b 
the  paths  as  indicated  by  the  iron  filings  can  not  be  traced  to 
the  pole  body  and  to  all  of  the  tmder  surface  of  the  pole  tip,  on 
account  of  the  field  winding.  But  it  is  clear  from  the  direction 
of  the  paths  at  the  edge  of  the  field  winding  that  they  will  ter- 
minate approximately  as  shown  in  Fig.  25a.  These  figures  of 
course  do  not  show  quite  what  the  distribution  would  be  if  the 
rotor  were  placed  in  the  stator.  Then,  both  the  derived  and 
actual  distribution  would  be  different,  but  not  greatly  different. 
This  experiment  was  made  to  confirm  the  method.  Pig.  26 
shows  the  distribution  on  a  machine  with  a  large  number  of 
poles. 
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Fig.  27a  represents  the  distribution  of  flux  at  no  load  on  a 
three-phase  generator.  A,  B  and  C  represent  the  different 
phase  belts.     Fig.  27b  represents  the  same  machine  with  open 


'^^m^^imm^Mm\mm\\\\mm.s:&K^:^^^ 


Fig.  27a — Diagram  of  Magnetic  Field  at  No-Load  Excitation  on 

Field 

field  circuit,  the  field  poles  rotating  synchronously  in  position 
shown,  and  with  a  three-phase  cturent  in  the  armature.  The 
entire  magnetic  flux  shown  in  Fig.  27b  represents  the  syn- 
chronous reactance.     All    magnetic  lines    in    Fig.    27b  which 


Fig.  27b — Diagram  of  Magnetic  Field  at  No-Load — Three-Phase 
Excitation   on  Armature  Field  Revolving  at  Synchronous  Speed 

do  not  link  with  the  field  winding  represent  the  armature 
self-induction,  or  armatiu-e  reactance.  Likewise  in  Fig.  27a, 
that  part  of  the  field  flux  which  does  not  link  with  the  armature 
winding  represents  field  self-induction,  or  field  reactance.    Just 
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as  on  sustained  short  circuit,  the  field  current  catises  the  ar- 
mature current  to  flow,  and  must  therefore  be  greater  in  m.m.f . 
than  the  armature  current,  by  the  armature  self-induction,  that 
is    greater   in   the   ratio, 

synchronotis  reactance  AT 
effective  armature  reaction 

total  flux  linked  with  armature,  Fig.  27b 
mutual  flux,  Fig.  27b 

so  also  on  sudden  short  circuit,  when  the  armature  current 
causes  the  rise  in  field  current,  the  armature  m.m.f.  must  be 


Fig.  28 — Diagram  for  Calculating  Pibld  Leakage 


greater  than  the  rise  in  field  m.m.f.  by  the  field  self-induction, 
that  is  greater  in  the  ratio, 

total  field  winding  interlinkages,    Fig.  27a 
mutual  flux  interlinkages,  Fig.  27a 

For  convenience  in  developing  the  point,  assume  that  all  of  the 
field  leakage  is  concentrated  between  pole  tips  shown  as  </>4  in  Fig. 
28.  On  sudden  short  circuit,  since  the  normal  flux  which  is 
linked  with  the  field  winding  and  which  before  short  circuit 
entered  the  armature,  can  now  neither  enter  the  armature  nor 
die  out  through  the  field  winding,  it  must  be  forced  through  the 
leakage  paths.  At  the  instant  at  which  the  armature  current 
in  its  rise  at  short  circuit  passes  through  normal  value,  the  ac- 
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companying  rise  in  field  m.m.f.  will  be  approximately  equal 
(actually  less)  to  the  effective  armature  reaction,  A,  correspond- 
ing to  normal  current.  This  increase  in  field  m.m.f .  must  cause  a 
corresponding  increase  in  </>4,  Pig.  28;  but  since  </>4  links  with  the 
field  circuit,  and  the  field  interli'nkages  can  not  increase,  it  follows 
that  tlwB  increase  in  </>4  represents  the  portion  of  the  normal  flux 
*,  which  is  absorbed  on  short  circuit  by  the  field  self-induction 
when  the  field  and  armature  m.mi's.  have  risen  to  ^4.  As  an 
illustration,  let  the  flux  </>4  corresponding  to  a  field  m.m.f..  A,  be 
4  per  cent,  and  let  the  armature  self-induction  be  10  per  cent. 
Then  as  the  armature  current  passes  through  normal  value,  14 
per  cent  of  normal  flux  *,  will  have  been  absorbed  in  the  leak- 
age paths;  and  the  armature  current  will  rise  to  7.15  times  nor- 
mal value. 

But  04  does  not,  as  above  assumed,  represent  all  of  the  field 
leak^e.  Other  paths  of  0i,  0s,  0s,  etc.,  Fig.  28,  exist.  It  is 
not  so  obvious  how  this  additional  leakage  from  the  sides  and 
ends  of  the  pole,  behaves,  and  how  it  operates  to  limit  the  short* 
circuit  current.  It  would  appear  that  none  of  the  normal  flux, 
^,  could  sink  into  leakage  paths  of  0i,  and  0s,  since  in  doing  so  it 
wotild  have  to  cut  through  the  closed  field  winding;  and  also,  and 
£or  the  same  reason,  that  the  leakage  0i  and  0s  could  not  increase. 
Actually,  both  happen.  The  condition  which  must  be  fulfilied 
is  that  the  total  effective  interlinkages  of  the  field  circuit  shaU  not 
change.  Two  lines  linking  one  half  of  the  field  turns  is  equivalent 
to  one  line  linking  all  of  the  turns;  four  lines  linking  one  fourth 
of  the  turns  is  equivalent  to  one  line  linking  all,  etc.,  etc.  What 
acttxally  happens,  therefore,  is  that  as  the  short-circuit  current 
rises,  some  of  the  normal  flu;c,  ^,  sinks  into  the  paths  of  0i  and 
0s;  and  to  just  the  extent  to  which  interlinkages  are  decreased  in 
this  process  at  the  top  of  the  winding,  new  flux,  compensating  for 
the  loss,  appears  at  the  bottom  of  the  winding.  In  machines  which 
have  rotors  entirely  laminated,  this  increase  in  flux  may  be  30  to 
40  per  cent.  So  that  the  total  field  leakage  flux,  */,  existing  under 
sudden  short  circuit,  is  the  same  (or  nearly  so)  as  would  exist 
on  open  circuit  with  the  same  field  m.m.f.;  and  the  effective 
interlinkages  which  *i  represents  is  the  portion  of  the  normal  flux 
^,  which  would  be  absorbed  in  the  total  field  self-induction  on 
short  circtiit. 

Let  0'fa  be  the  effective  field  leakage  interlinkages  per  unit 
length  of  machine,  corresponding  to  a  m.m.f .  on  the  field  equal 
to  normal  armature  reaction,  A.     Then,  if  a  rise  to  normal 
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current  in  the  armature  would  cause  a  rise  in  field  m.m.f.  equal 
to  i4,  the  ratio 

would  represent  the  per  cent  field  self-induction.  Actually  the 
rise  in  field  m.m.f.  corresponding  to  normal  annature  current 
is  less  than  A,  as  already  pointed  out,  by  the  ratio 

mutual  flux  interlinkages, Fig.  27a 

total  field  winding  interlinkages,     Pig.  27a 

^  1  1 


*+r^*'-    ^+z^r    ^+:r^^ 

where 

F  =  no-load  field  m.m.f. 

/    »  length  of  machine 

It  is  still  further  reduced  by  the  field  self-induction  in  another 
way:  the  portion  of  normal  flux  which  at  short  circuit  is  ab- 
sorbed in  the  field  leakage  paths  no  longer  requires,  as  it  did 
before  short  circuit,  a  corresponding  portion  of  the  no-load  field 
m.m.f.  F  to  maintain  it  across  the  air  gap.  But  all  of  F  re- 
mains at  short  circuit.  Hence  the  difference  between  F  and  the 
portion  of  F  which  is  actually  needed  for  the  flux  which  is  not 
absorbed  in  field  leakage  paths,  is  balanced  by  a  correspond- 
ingly decreased  rise  in  field  m.m.f.  Hence,  a  rise  in  armature 
m.m.f.  equal  to  A,  produces  a  rise  in  field  m.m.f.  equal  to. 

Where  Xp/  represents  the  per  cent  actual  field  self-induction 
or  per  cent  field  reactance.    This  is 

(4) 


But 

X       -     ^'    X' 

and 

<l>'in  ^  A  L  (from  equation  86) 

Hence 

(«) 
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Substituting  (8)  and  (6)  in  (4)  and  simplifying 

FIL 

A  * 

X9. 


Where 


(■  +  ^)' 


A  =  effective  polyphase  armature  reaction  AT  cor- 
responding to  normal  current  In 

F    =  no-load  field  i4r 

*  =  normal  flux  per  pole  (in  maxwells)  entering  the 
armature 

1.  [  1.42  A +0.16  (=-)'+ .6  log  (l+x-J.) 

+  5.0-^    {1+0.62  J  log  (1  +  ^)}  +0.55  J-] 

If  length  is  in  inches,  the  expression  for  L  becomes 
L-[3.6i-+„.„4(-)'+41og(l+xf) 

+  12.8^{   1+0.52  i-log(l  +  [-A))+I.4  4] 

a,  6,  c,  d,  A,  m,  dp,  see  Fig.  28  and  Fig.  34 

m  =  distance  between  pole  cores  at  At- 2 

/    =  gross  stacked  length  of  machine  (core  +  ducts) 

d    =  width  of  pole  core 

h 
L  =  applies  for  all  values  of  —  above  0.5,  and  is  the  effective 

leakage  lines  per  unit  length  of  machine,  linking  the 
entire  field  winding  when  the  field  m.m.f .  is  one  ampere 
turn.  The  expression  for  L  is  derived  in  the  following 
pages. 

The  terms  4  log  ^1+  Ty-j  and  0.62  log  ^1  +  ~ — j  are  plot- 
ted in  Fig.  29. 

The  total  per  cent  reactance  therefore  which  determines  the 

initial  short-circuit  current  (that  is,  the  transient  reactance) 

is  given  by 

Xp    ^  Xp    +  Xp  (7) 

0  «  / 

Digitized  by  VjOOQ IC 


1918 


DOHERTY  AND  SHIRLEY:  REACTANCE 


1261 


where  Xp^  ■=  per  cent  armature  self-inductive  reactance  (or 
armature  reactance)  calculated  by  equation 
(47)  Part  I. 

Xpf  =  per  cent  field  self -inductive  reactance  (or  field 
reactance)  calculated  by  equation  (6)  Part  II 

(x,^  =   0.2,  means  20  per  cent  reactance) 

Hence  the  effective  value  of  the  alternating  component  of  the 
initial  short-circuit  current  is 


/o 
where  /«  =  normal  current. 
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Fig.  29 


The  above  discussion  has  considered  only  the  alternating 
component  of  the  initial  short-circuit  current.  Actually  a  direct 
component  of  armature  current,  approximately  equal  in  m.m.f. 
to  the  alternating  component  of  armature  current  must  always 
exist  on  a  three-phase  short  circuit,  and  may  exist  on  a 
single-phase  short  circuit,  as  already  mentioned.  That  is  at 
180  degrees  after  short  circuit,  it  is  necessary,  in  such  a  case,  for 
twice  normal  flux  to  exist  across  the  leakage  paths  of  the  arma- 
ture and  field.  It  is  obvious  that  this  additional  flux  of  normal 
value  would  be  absorbed  in,  the  leakage  paths  in  the  same 
manner  as  above  described. 

Assuming  a  sine  distribution  of  both  the  field  flux  Fig.  27a  and 
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of  the  armature  flux  Fig.  27b,  the  direct  component  of  current 
would  be  equal  to  the  crest  of  the  alternating  component;  that  is 

l4c  =   V2 /o  (9) 

The  distribution  is,  however,  usually  not  sinusoidal.  Since 
the  effect  of  the  important  harmonics  on  short-circuit  current 
(alternating  component)  is  practically  eliminated,  as  discussed 
in  Part  I,  it  follows  that  the  magnitude  of  the  alternating  com- 
ponent is  determined  by  the  fundamental  of  the  flux  wave.  The 
direct  component,  however,  is  determined  by  the  total  flux, 
that  is  by  the  entire  flux  which  thejarmature  encloses,  and  may 
therefore  be  greater  or  less  than  V2  /o  by  a  small  amount.  Fig. 
30  and  Fig.  31  show  both  cases.  In  Fig.  30  the  direct  component 
is  greater  than  the  maximum  of  the  alternating  component.;  in 
Fig.  31,  les;. 

Fig.  30  also  shows  the  third  harmonic  voltage,  terminal  to 
neutral,  existing  on  short  circuit. 

The  formula  for  Xp^  applies  to  polyphase  short  circuits  on 
salient  laminated  pole  machines  without  amortisseur  windings. 
(The  effect  of  amortisseur  windings  is  discussed  later).  It  will 
apply  to  single-phase  short  circuit,  terminal  to  neutral,  if :  (1) 
A,  in  the  formula  for  xpf  is  taken  as  the  maximum  value  of  the 
pulsating  armature  m.m.f.  of  normal  current,  i,e, 

Ai  =  V2K'N,In  (10) 

where 

Nq  =   series  turns  per  phase  {i.e.  per  leg)  per  pole. 

In    =  normal  current  per  turn 

K'  =  factor  accounting  for  short  coil  pitch,  coil  distribu- 
tion, and  fluK  distribution.  (2)  the  armature  reactance  is 
taken  equal  to  two  thirds  of  the  three-phase  '/«lue.  since 
as  pointed  out  in  Part  I,  three-phase  reactance  is  approxi- 
mately 50  per  cent  higher  than  the  single-phase.  That  is,  for 
single-phase  short  circuit,  terminal  to  neutral, 

''.1  =  1*'.  +  %  (") 

where  Xp^^  is  field  reactance  for  single-phase  short  /circuit.     But 
since  the  three-phase  armature  reaction  is 


A^  =  1.5  V2N,  In  K'  (12) 
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Fig.  26 — Actual  Magnetic  Distri- 
bution 


Fig.  30 
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Fro.  31  (doherty  and  shirlby] 
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Fig.  32a 


Fig.  32  b 


[dOHERTY  and   SHIRLEY) 

Fig.  35b — Field  Leakage  Path  at  end  of  Pole 
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the  equation  for  x^oi  can  be  written 


(IS) 


That  is,  on  a  single-phase  short  circuit,  terminal  to  neutral,  the 
cuirent  should  be  about  50  per  cent  larger  than  on  a  three-phase 
short  circuit.  The  authors  have  not  made  tests  to  confirm  this 
point. 

The  action  of  the  field  and  armature  on  single-phase  short 
circuit  is  as  follows:  if  the  short  circuit  occurs  when  the  armature 
encloses  zero  fiux,  that  is,  at  maximtmi  voltage,  Figs.  32a  and 
32b,  the  pulsating  armature  reaction  produces  in  the  field,  for 
well  known  reasons,  a  direct  m.m.f.  equal  to  about  one-half 
(actually  less)  of  the  maximiun  armature  m.m.f.,  and  a  double 
frequency  m.m.f .  whose  maximum  value  equals  the  direct  m.m.f. 

The  double  frequency  m.m.f.  is  of 
course  at  negative  maximtmi  at 
instant  of  short  circuit,  so  that  at 
the  end  of  the  first  half  cycle  the 
total  field  m.m.f.  is  about  equal 
to  the  maximtmi  armature  m.m.f. ; 
that  is,  the  armature  and  field 
absorb  in  their  leakage  paths  at 
this  instant,  the  total  normal  flux 
in  proportion  to  their  respective 
self-inductions. 

A  single-phase  short  circuit  between  terminals  gives,  in  most 
cases,  practically  the  same  current  as  a  three-phase  short  cir- 
cuit, as  experience  has  shown,  and  may  therefore  be  calculated 
by  the  formula  for  three-phase  until  a  moie  accurate  method  is 
worked  out. 

The  total  self -inductive  leactance  effective  at  short  circuit 
expressed  in  ohms,  that  is,  the  transient  reactance,  is 


eVF/, 


Pig.  33 — Short  Circuit  Arma- 
ture Current 


Xo 


x,Q  X  normal  voltage  per  leg 
normal  current  per  leg 


(14) 


Table  IV  shows  a  comparison  of  calculated  and  actual  values  of 
the  alternating  component  of  short-circuit  current  in  terms  of 
normal  current.  The  actual  values  were  determined  by  pro- 
jecting to  the  axis  of  zero  time  the  cuive  of  positive  crests  and 
also  the  curve  of  negative  crests.  Fig.  33.  The  inteicept  on 
the  vertical  axis  represents  2  V2  /©,  i.e.  two  times  the  crest 
\alue  of  the  alternating  component. 
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Example:    6600-kv-a.,  three-phase,  25-cycle,  14,000-volt  gener^ 
ator. 

/  -  38    4  «  10970    *  -  47.7  X  10« 

F  -  16600     —  «  0.687         -  =  0.413 
m  c 

dt  =  2.0  dp   =  2.0  -    -j^    (neglect  d,  if  it  is  zero    or 

negative)  y  -  0.407 

Ratio     P^^^\- 0.675         -^-2.08 
pole  pitch  c 

L  =  r  3.6  X  0.687  +  0.04  (q^)  +  41og  (1  +  t  X  0.413) 

+  1.4  X  0.407] 
=  [2.47  +  0.26  +  3.3  +  0.57]  -  6.6 

38  X  15600  X  6.6 


10970      47.7  X  10« 


**/    15600  /  .  38  X  15600  X  6.6Y  ^^'^^^ 

y  "•"      47.7  X  io«     / 

Armature  reactance  =  a:^  =*  0.10  (see  example,  Part  I) 

x,o  «  «,«  +  x«f  =•  0.10  +  0.049  =  0.149 
That  is,  the  three-phase  short-circuit  current  (a-c.  component) 


would  be 


1 9  =    />  -iAtx  =  6.7  times  normal 
0.149 


Consider  now  the  question  of  attenuation  factors,  a/  and  a«. 
The  attenuation  factor  of  a  circuit  is  the  ratio  of  the  effective 
resistance  to  the  (interlinkages  pet  ampere),  that  is,  the  induct- 
ance. In  the  field  attenuation  factox,  a/,  the  inductance  is  not 
as  Diiamant  gives^^  the  exciting  inductance  of  the  machine, 
(using  his  notation) 

If  10-^ 


14.  Trans.  A.  I.  E.  E.,  Vol.  34,  p.  2247. 
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where  *  is  the  flux  which  the  normal  field  excitation,  //,  would 
produce  in  the  normal  magnetic  circuit,  as  given  by  the  design 
sheet.     It  is  rather 

where  *'  is  the  flux,  linking  the  field  winding,  which  //  would 
produce  in  the  leakage  paths  of  both  field  and  armature.  The 
correct  attcAuation  factor  of  the  field  to  be  used  in  determining 
the  rate  of  decrease  of  field  flux  on  short  circuit  is  the  ratio  of 
the  effective  resistance  of  the  circuit  to  the  (transient  field  inter- 
linkages  maintained  through  the  leakage  paths  of  both  armature 
and  field  on  short  circuit,  per  ampeie  rise  in  the  field  circuit). 
Therefore  the  question  is,  what  is  the  value  of  field  interlinkages 
thus  maintained  per  ampere  rise  in  field  current  on  short  circuit. 
It  is, 


or 


That  is, 


Where 


//* 

q^iNf 

Ifo 

q*tN/ 

IVIfo 

per  pole 


total 


henrys  (16) 


*#    =  transient  fiux  =  ^  -  ^, 
#    =  normal  flux  per  pole 

*,   =  flux  per  pole,  absorbed  in  armature  self-induc- 
tion on  sustained  short  circuit 


*. 


^    +F, 


«i 


Pa 


Xp^  —  armature  reactance 

(x^  =  0.2  means  20  per  cent) 
Fg  =  m.m.f .  constimed  in  air  gap  by  normal  flux 
Nf  «  turns  per  pole 
q  —  number  of  poles 

-Tfo  "  ^^-  component  of  rise  in  field  current  at   short  circuit. 
This  corresponds  to  the  reaction  of  the  alternaUng  component 
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in  the  armature,  and  for  reasons  previously  stated  is  less  than  the 
armature  m.m.f.  as  shown  by  equation  (3). 


'o       a:.   Nf      Xp^  Nf 


A 
F 


1  + 


FIL        *"/ 


« 


Hence  the  field  inductance  during  transient  is, 


^     = 


10»  F 


1  + 


FIL     *'/ 


$ 


q  xpt  t>  jy/ 

10«F 


henrys 


The  field  attenuation  factor  is  therefore 


«'--& 


(16) 


(17) 


(18) 


where  r/  =  effective  resistance  of  the  field  circuit.  In  lami- 
nated pole  machines,  this  may  be  taken  in  approximate  calcu- 
lations as  the  ohmic  resistance  of  the  field  circuit. 

The  inductance  in  the  armature  attenuation  factor  ««,  which 
determines  the  rate  of  decay  of  the  direct  component,  is  deter- 
mined as  follows:  the  interlinkages  of  the  armature  per  pole 
per  phase,  maintained  through  the  leakage  paths  of  both  the 
armature  and  the  field,  per  effective  ampere  turn  rise  in  the 
armature  m.m.f.  on  short  circuit,  is 

A 


(19) 


or,  for  all  poles 


qx,,^{K'N,) 


(SO) 
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But  A,  for  three-phase,  is  the  product 

V2  In  X  1.5  (K' N^)  (21) 

where  K'  isa  constant  depending  upon  the  pitch  and  distribution 
of  coils,  and  upon  the  flux  distribution;  In  =  normal  rated 
current;  and  Nq  =  series  turns  per  pole  per  phase.  Hence, 
the  inductance,  that  is  the  interlinkages  with  (X'  Nq),  is 

^^lASJ^s^^^U^^^r^rys  (22) 

The  factor  1.5  accounts  for  the  mutual  induction  of  phases.   For 
single  phase  or  two  phase  this  factor  would  be  unity.      La*  can 
be  arrived  at  in  another  and  more  convenient  way. 
It  is  equal  to 

Where  Xq    =  transient  reactance  in  ohms 

/    =  frequency  in  cycles  per  second 

XpoE 


Xo  = 

Hence 


XpQ  E 


The  armature  attenuation  factor  is 

a.  =  -^  (26) 

where  f«  =  effective  resistance  per  phase. 

It  may  seem  at  first  thought  that  since  the  sum  of  the  in- 
ductances of  both  the  field  and  armature  are  involved  in  the 
attenuation  factors,  the  sum  of  resistance  of  both  circuits  also 
should  enter.  However,  this  is  not  the  case.  The  armature 
and  field  transients  involve  magnetic  energy  storage  under  un- 
stable conditions.  In  the  case  of  the  field  transient,  immedi- 
ately after  short  circuit  the  energy  stored  in  the  field  is  the  pro- 
duct of  normal  field  flux  times  the  large  field  m.m.f.  which  now 
maintains  it.  The  flux  can  die  down  only  if  its  energy  is  dis- 
sipated in  the  circuit  with  which  it  links,  because,  by  the  very 
way  it  is  constituted,  the  energy  can  decrease  only  by  a  decrease 
in  interlinkages,  and  this  can  not  happen  except  by  resistance 
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loss  in  the  linking  circuit.  From  a  slightly  different  viewpoint, 
suppose  the  field  circuit  has  no  resistance.  Then  the  field  flux 
and  current  would  never  die  out,  regardless  of  the  ai?nature 
resistance.  The  armature  m.m.f.  operates  only  to  increase  the 
reluctance^*  of  the  path  through  which  the  flux  must  pass  on 
short  circuit.  The  armature  resistance  operates  only  to  decrease 
the  initial  rise  in  current,  that  is  to  decrease  the  amount  of  flux 
which  on  short  circuit  must  be  sent  through  the  paths  of  increased 
reluctance,  and  therefore  to  increase  the  sustained  value  of  flux, 
that  is,  to  decrease  the  magnitude  of  the  transient,  but  not  its 
time.  The  same  reasoning  will  apply  to  the  armature  transient. 
The  relative  values  of  a/  and  a«  can  be  illustrated  by  taking 
some  rough  average  figures  for  salient-pole  machines.  The  ratio, 
armature  reactance  to  armature  resistance  is,  say,  20;  field  re- 
actance to  field  resistance,  80;  field  reactance  to  armature  re- 
actance, 0.5. 
Hence 


Arrmturc                 resistance 

1 

transient  reactance 

30 

2t/ 
«•=      30 

_  .J                   res  stance            _ 

1 

transient  reactance       " 

240 

2t/ 

240 

That  is,  the  armature  transient  will  die  out  eight  times  as  fast 
as  the  field,  in  this  case. 

Diamant  found  from  oscillographic  tests  that  the  field  attenu- 
ation factor  was  larger  during  the  first  few  cycles  than  during  the 
rest  of  the  transient.  The  authors  have  foimd  this  to  be  the  case ; 
and  agree  with  Diamant  that,  until  this  difference,  due  prob- 
ably to  saturation  and  eddy  currents,  can  be  further  studied,  the 
lower  value  (which  corresponds  to  our  calculation)  should  be 
used.  This  is  on  the  safe  side,  since  by  this  assumption,  at  any 
time  after  short  circuit  the  current  will  be  lower  than  the  cal- 
culated value. 

16.  An  equivalent  reluctance  could  theoretically  be  produced,  with 
the  same  effect  on  the  field  transient,  by  a  sudden  increase,  at  open  cir- 
cuit, in  full  reluctance  of  the  armature  iron. 
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Saturation  of  the  leakage  paths  at  short  circuit  and  the  con- 
sequent reduction  of  reactance  may  cause  an  increase  in  a/,  and 
probably  does  so  in  machines  which  have  restricted  leakage 
paths — turbine  generators,  for  instance.  In  salient-pole  ma- 
chines, however,  where  tests  show  the  short-circuit  current  to 
be  practically  proportional  to  the  voltage  at  short  circuit,  it  is 
probable  that  the  increase  is  largely  due  to  eddy  currents.  The 
increase  in  fltix  at  the  bottom  of  the  field  pole — i.  e.  next  to  the 
rotor  rim — at  sudden  short  circuit,  as  explained  in  preceding 
pages,  operates  in  two  ways  to  increase  «/.  If  the  rotor  rim  is 
solid,  as  is  usually  the  case,  this  change  in  fltix  is  largely  re- 
stricted by  eddies  in  the  solid  rim.     To  whatever  extent  it  is 
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Pig.  33a— Attenuation  Factors — 6600  Kv-a. — 375  Rev.  per  Min.— 
14000- Volt  Alternator 

restricted,  the  effective  field  self-induction  is  reduced,  which 
wotild  increase  a/.  But  a  much  larger  increase  in  a/  residts 
from  loss  of  energy  due  to  eddies  in  the  rim,  increasing  the  effec- 
tive resistance.  Since  the  alternating  flux  in  the  rim  is  caused 
by  the  direct  component  of  the  armature  current,  i.  e,  the  arma- 
ture transient,  the  increased  a/  would  by  this  theory,  exist  only 
during  the  armature  transient,  which  lasts  about  }^  second. 
That  is  what  actually  happens,  as  shown  in  Fig.  33a.  The  initial 
value  of  Of/  is  1.7  times  the  constant  value  which  exists  after  the 
termination  of  the  armature  transient. 

There  is  fiuther  evidence  that  this  theory  is  correct.     If  the 
entire  rotor  magnetic  circuit  were  laminated  the  change  in  flux 
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at  the  bottom  of  the  pole  could  occur  without  producing  serious 
eddies,  and  therefore,  without  appreciable  change  in  «/.  Actual 
tests  on  such  a  machine  shows  this  to  be  the  case.  The  results 
are  shown  in  Fig.  33  b.  There  is  no  appreciable  change  in  slope 
of  the  curve. 

The  question  aiises,  how  much  will  calculations  of  reactance  be 
thrown  out  by  saturation?  From  the  data  available  it  would  seem 
that  in  salient-pole  machines  without  amortisseur  windings,  satur- 
ation is  not  a  very  serious  factor.  Although  at  180  deg.  after  a 
three-phase  short  circuit  there  must  be  two  times  normal  flux 
through  the  leakage  paths,  these  paths  are  widely  distributed,  and 
therefore  very  serious  concentration  is  prevented.     Yet  there  is 
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Fig.  33b — Attenuation  Factors — 125-Kv-a. — 900  Rev.  per  Min. — 
60-Cycle — 2300- Volt  Alternator 

some.  The  smaller  the  section  of  the  principal  leakage  paths  (the 
pole  tip  and  teeth)  the  greater  the  saturation.  It  is  still  further 
increased  by  the  action  of  an  amortisseur  winding,  and  by  reason 
of  the  slots  that  contain  it.  But  we  believe  it  is  safe  to  assume 
that  in  the  case  of  most  laminated,  salient-pole  machines, without 
amortisseur  windings,  the  short-circuit  current  is  practically 
proportional  to  the  voltage  at  which  short  circuit  occurs.  When 
thin  pole  tips  and  shallow  armature  slots  are  used,  the  short- 
circuit  current  may  be  10  to  20  per  cent  greater  than  indicated 
by  calculations  which  neglect  saturation.  In  the  case  of  low 
resistance  amortisseur  windings,  solid  steel  poles,  or  in  turbine 
generators,  where  the  leakage  paths  are  much  moie  restricted, 
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saturation  makes  a  greater  difference.  Hence,  for  this,  as  well 
as  another  reason  given  in  the  following  paragraph,  the  calcu- 
lation of  such  machines  should  be  based  upon  the  armature  self- 
induction  only.  The  matter  of  saturation  of  leakage  paths  is 
one  which  should  be  much  further  investigated. 

Another  matter  of  importance  is  the  effect  of  amortisseur 
windings,  short-circuiting  collars  around  the  pole,  solid  steel 
poles,  etc.  Obviously  if  the  amortisseur  winding  were  without  re- 
sistance, the  flux  at  short  circuit  could  not  change  through  it  and 
consequently  the  effect  of  field  self-induction  would  be  nil,  since 
the  field  m.m.f .  would  not  rise.  Moreover,  the  armature  leakage 
paths  would  be  more  restricted.  That  is  the  transient  reactance 
would  be  less  than  the  armature  self-induction.  But,  of  course, 
amortisseur  windings  and  collars  are  never  perfect  conductors. 
On  the  other  hand,  many  of  them  are  poor  conductors;  hence  in 
the  case  of  laminated  field  poles  they  permit  a  large  part  of  the 
field  self-induction  to  exert  itself — ^the  more,  naturally  the  higher 
the  resistance  of  the  amortisseur  winding.  However,  in 
single-phase  generators,  or  such  machines,  in  which  heavy 
copper  amortisseur  windings  are  used,  and  also  in  the  case  of 
solid  steel  poles,  the  resulting  increase  in  short-circuit  current 
can  not  be  neglected.  For  safety,  therefore,  it  is  best  in  such 
cases,  as  proposed  above,  to  neglect  the  field  self-induction  in 
calculating  the  short-circuit  cuirent;  that  is,  to  assume  that  the 
transient  reactance  is  equal  to  the  armature  reactance. 

External,  as  well  as  internal,  field  reactance  will  decrease  the 
short-circuit  current.  The  rate  at  which  the  field  current  rises 
at  short  circuit  will  not  be  impeded  by  the  external  reactance, 
because  the  new  magnetic  interlinkages  established  in  the  ex- 
ternal reactance  represent  a  corresponding  decrease  in  the  inter- 
linkages of  the  field  winding  itself,  since  the  net  total  of  the  cir- 
cuit can  not  change  appreciably  during  the  first  cycle  or  so. 
But,  by  reason  of  this  decrease  in  interlinkages  of  the  field  wind- 
ing itself,  or  what  is  the  same  thing,  the  increase  in  interlink- 
ages in  the  external  reactance,  there  remains  in  the  field  less 
flux  to  be  forced  across  the  leakage  paths  in  the  machine;  hence 
the  short-circuit  current  will  be  less  by  just  that  amount. 

With  zero  external  field  reactance  the  rise  in  field  m.m.f.  on 
short  circuit  is  less  than  the  armature  m.m.f.  in  the  ratio 

1 

G  =    PI  T    by  equations  (2)  and  (6) 
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Or,  in  terms  of  total  interlinkages  in  the  niachine, 

^  q^Nf  1 

-J 


q^Nf+j^^LflV 


1  + 


FLflV 


where  Lf 


henrys 


coefficient  of  self-induction  of  the  field  winding. 
qlLNf' 

F  =  no-load  field  m.m.f. 

/    =  gross  length  of  armature  core  (iron  +  ducts) 

L  =  bracket  quantity  in  equation  (33)  or  (S3a) 

*  =  normal  flux  per  pole  (maxwells) 

q   =   number  of  poles 
Nf  =  turns  per  pole  on  field. 
If  an  external  reactance,  x/„    (coefficient   of  self-induction, 
Lfg),  is  placed  in  the  field  circuit,  the  ratio  becomes, 

1 


G  = 


1  +LJk^  + 

1 


N^^q 


1   + 


F10« 


{Lf+Lf,) 


qN^^ 

Let  xp'  represent  the  per  cent  reactance  of  the  field  circuit, 
assuming  the  rise  in  field  m.m.f.  equals  the  armature  m.m.f .  on 
short  circuit.     Then 


x^"   = 


x,/  = 


-  El 


LfW 


A  10» 


The  reactance  of  the  field  circuit  is 


■^       ^  Nf 


''Pfx 


=Gx' 


A  10* 
N/9 


(Lf  +  Lf,) 


l+^^iLf+Lf,) 


_    '  N}*q* 


^Pfx    ~ 


1  + 


f  10« 


-  li?^q 


_\ 

(.L,  +  Lf,) 


(26a) 
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The  total  transient  reactance  of  the  machine  with  external 
field  reactance  is 

where  x,»  =  armature  reactance 

{Xjfi  »  0.2  means  20  per  cent  reactance) 

The  principal  objection"  to  the  use  of  reactance  in  the  field 
circuit  is  the  high  voltage  which  occurs  across  its  terminals  at 
short  circuit.  With  an  external  reactance  in  the  field  circuit 
equal  to  the  internal  field  reactance,  this  voltage  may  be  of  the 
order  of  50,000  volts  in  the  case  of  large  generators. 

Under  load  the  short-circuit  current  is  slightly  higher  than  at 
no-load.  The  alternating  component,  which  depends  upon  the 
flux  per  pole,  is  greater  for  short  circuit  under  load  than  at  no- 
load,  by  the  increase  in  flux  which  is  required  under  load  to  over- 
come the  true  impedance  of  the  armature.  Hence  for  the  same 
load  current,  the  alternating  component  of  short-circuit  current 
will  be  greater,  the  lower  the  power  factor,  until  at  zero  power 
factor,  it  will  be  increased  by  the  per  cent  armature  reactance  of 
the  machine — 10  per  cent  reactance,  10  per  cent  increase  in  the 
alternating  component.  At  unity  power  factor,  the  10  per  cent 
being  added  in  quadrature,  would  not  cause  appreciable  in- 
crease. The  direct  component,  depending  upon  the  flux  linked 
with  the  armature  circuit,  i.e.  upon  the  terminal  voltage,  is  the 
same  for  any  load  or  power  factor,  providing  there  is  no  external 
reactance  in  the  armature  circuit.  External  reactance  decreases 
the  direct  component  because  it  decreases  the  net  magnetic  in- 
terlinkages  of  the  armature  circuit.  With  10  per  cent  external 
reactance,  zero  power  factor  load,  the  direct  component  would 
be  0.9  as  large  as  if  the  short  circuit  occurred  at  no  load,  the  same 

terminal  voltage.  The  reverse  would 
be  true  of  leading  current.  For  unity 
power  factor,  the  difference  would  be 
negligible,  for  reasons  mentioned 
above. 


.ef^ 


I 


'X 


Pig.  34 


Derivation  op  Formula  For  Cal- 
culating Field  Selp-Induction 
The  field  leakage   paths  shown  in 

Figs.  24a  and  24b  are  approximated 

by  the  assumed  paths  shown  in  Figs. 

28,  34  and  35a. 


16.  This  point   has  been    observed  by 
(Japanese),  Dec.  1917,  p.  891. 


K.   Ito,  Journal  Elec.  Society 
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With  a  m.m.f.  equal  to  NI  per  pole  the  effective  leakage  lines, 
linking  the  entire  field  winding,  per  unit  length  of  machine 
will  be  as  follows:  the  flux  element  d  0i  is 

d<t>,  =  2X0Atj^NI  ^ 

1  2h 

where  K  = ^  (approximately)  = 


m 


d  <^,  =  0.4  T  NI  -^  dx 


Effective  flux  due  to  0i  linking  entire  winding  is 

d<l>i 

"0 


m« 


<^„    =  0.039  NI 


(t)  (»•) 


3     V3 
d02  =   1.05  ^(m'  +  4hy)dy 

It  is  here  assumed  that  the  length  of  path  is  one  third  of  the  arc 

of  a  circle  whose  radius  is  --f=,  that  is,  the  pole  sides  intercept 

i  of  the  arc. 

Effective  flux  of  02  linking  the  entire  field  winding  is 

4/1 


<t>n2    = 

0 


J  (^k 


*      4Jk 


-0.27-^j  (m*  +  4hyydy 
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dz 


J  <^s  =  2  X  0.4  TT  X  2  iV  / 


C  +  T  Z 

dz 


C  +  TT  Z 

All  of  4>z  is  assumed  to  be  linked  with  the  winding.     Hence 


<Ans  ^  <t>z  =  5NI 

~0 


r  dz 


0n3    =    1.6iV/l0g(l    +    T     -y)  (28) 

In  determining  04,  it  is  necessary  to  find  the  portion  of  the  pole 
tip  from  which  04  emanates,  Fig.  28,  and  further  to  find  what 
depth  of  path  in  the  air  between  tips  should  be  used.  By  plotting 
a  large  number  of  diagrams,  such  as  Figs.  24a  and  24b  for 
different  pole  proportions,  it  was  found  that  this  average  depth 
of  path  could  be  approximated  by  the  expression 

d,^dt--^  (29) 


That  is  the  factor  may  entirely  disappear,  which  happens  in  the 
case  of  thin  pole  tips  and  low  pc 
than  dtj  0«4  should  be  neglected. 


case  of  thin  pole  tips  and  low  pole  arc  ratio.     When  —is greater 


^,4  =  *4  =  2  X  0.4  IT  X  2  iV  /  -' 

c 

c 

(SO) 

d<f,\  =  4X0AirX2NI    ^'^* 

TT  X  "7"  C 

(See  Fig.  11) 

c"    , 

rf  fK'      ^    -{()   M  T  d         1 

d<l>,-10NId,  j      jrx  +  c 

d  4>\  is  integrated  between  Oand  -j-  because 

toward    the 

middle  of  the  pole  the  leakage  from  the  end  of  pole  shoe  no 
longer  goes  from  pole  to  pole,  but  instead  bends  upward  and 
enters  the  stator  iron,   cutting  the  armature  winding.     The 
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approximation  is  therefore  made  that  the  dividing  line  falls  at 

ft/4. 

4>,'  =  3.2  iV  /  d,  log  (  1  +  -J  -j) 

^„  =  ^'=3.2^/^-flog(l  +  f   ^)  (3,^ 

where  /  =  gross  length  of  armature  core  (iron  +  ducts). 

The  leakage  at  the  end  of  the  pole  is  in  paths  practically 
straight  and  downward  to  the  field  spider  rim  as  shown  in  Fig. 
35a  and  35B.  At  about  three-fourths  of  the  way  up  the  pole  the 
leakage  bends  up  and  enters  the  stator  iron,  part  of  it,  certainly, 
cutting  the  armature  winding.  Of  course,  depending  upon  de- 
sign, the  division  line  may  fall  at  one-half  or  may  be  at  the  top 
of  the  pole.  But  in  the  authors*  judgment,  three-fourths  repre- 
sents the  average  case.  On  this  and  the  further  assumption 
that  the  length  of  path  at  any  height  v,  Fig.  35,  is  1.3  p, 

rf<A'.  =  2X0.4T-^iV7^ 
4    where  h  =  height  of  pole  core 

d(t>\  =   1.95   4  NIdp 

Fig.  36a  ^ 


l.d<f>.' 

-  1.95  N  I 

*- 

0.55  iV  7    '^^ 

(32) 


While  one  or  two  rather  arbitrary  assumptions  were  made  in 
deriving  the  above  equations,  they  were  made  in  the  light  of  an 
experimental  and  graphical  study  of  the  leakage  paths,  and 
with  the  object  of  avoiding  complicated  expressions;  and  it  is 
believed  that  the  error  in  the  final  result  will  not  be  serious,  one 
reason  being  that  the  assumptions  involving  the  most  uncer- 
oertainties  are  in  the  smallest  factors,  such  as  0ns  and  0ni. 
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Adding  equations  (26),  (27),  (28),  (SO),  (31)  and  (32),  the 
total  self-induction  of  the  field  is 

For  lengths  in  centimeters, 

+  1.6  log  (  1    +   T   -^)  +   6  ^ 

<^h-i\r/[   1.42  A.    +o.l6(^)   +  1.6  log  (l  +  T -j) 

+  5  ^  {  1  +  0.62^  log  (l  +  -1  1)  I  +0.56^]       (S3) 
If  inches  are  used,  the  equation  becomes 
<^i.  =  iV/[3.6  ~  +  0.04  (-^)+41og(l  +  T  J.) 

+  12.8  ^  {  1  +  0.62  jlog  (l  +  ^)  }  +  1.4  -y]    (S3a) 

<f>u  is  the  effective  leakage  lines  per  pole,  linking  the  entire 
field  winding,  per  unit  length  of  machine,  produced  by  a  m.m.f . 
of  NI  ampere  turns. 

The  coefficient  of  self-induction  of  the  field  is  therefore 

Lf  =     «%^^     henrys  (34) 

^  where       q  =  niunber  of  poles 
Nf  =  turns  per  pole 
/  =  gross  stacked  length  of  core  (iron  and  ducts) 
L  =  bracket  quantity  in  equation  (33)  or  (SSa) 

For  the  value  of  leakage,  <^'i«,  per  unit  length,  corresponding 
to  a  m.m.f.  on  the  field  equal  to  normal  armature  reaction,  A, 
substitute  A  for  N I  in  equation  (33)  and  (SSa). 
That  is 

<l>'in  «  AL  (36) 
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Summary  and  Conclusions 

(1)  A  reliable  prediction  of  the  armature  self -inductive  re- 
actance of  synchronous  machines  can  be  made  by  equations  (46) 
to  (48)  inclusive,  given  in  Part  I.  Moreover,  working  curves 
for  three-phase,  based  on  those  equations  and  given  in  Figs.  20a 
20b,  etc.,  make  the  complete  calculation  from  the  design  sheet 
a  matter  of  four  or  five  minutes.  It  is  proposed  that  this  re- 
actance be  called,  for  brevity,  armature  reactance, 

(2)  The  variation  of  the  effective  armatvu'e  m.m.f.  or  ar- 
mature reaction,  (under  zero  power  factor  conditions)  with  the 
no-load  flux  distribution  has  been  determined.  The  armature 
reaction  of  three-phase  machines,  as  calculated  by  the  familiar 
formula  based  on  sinusoidal  distribution,  is  the  basis  of  the  new 
calculation.  This  result  is  modified  by  a  single  factor,  K^  given 
in  Fig.  20,  and  developed  in  appendices  A  and  B.  The  correct 
calculation  of  armature  reaction  is  very  important  in  its  relation 
to  the  armature  self-inductive  reactance,  since  the  latter  is 
determined  from  test  by  the  difference  between  the  field  and 
armature  m.m.f. 's  on  sustained  short  circuit. 

(3)  As  a  corollary  of  (2),  the  effect  of  the  harmonics  in  the 
no-load  flux  distribution  upon  the  generated  voltage  is  accounted 
for  also  by  K*.     See  appendix  A. 

(4)  A  simplified  method  of  calculating  field  excitation  that 
has  worked  out  well  in  conjunction  with  the  reactance  given  by 
Figs.  20a,  20b,  etc.,  is  shown  in  appendix  C. 

(5)  The  reactance  which  determines  the  initial  short-circuit 
ciurent  of  most  syrichronous  machines  is  not  the  armature  self- 
induction  only;  it  is  rather  the  combined  self-induction  of  both 
the  armature  and  field  circuits.  The  internal  field  self-induction 
(which,  on  short  circuit  is  transient)  is  often  50  per  cent  of  the 
armature  self-induction;  in  which  case,  the  calculated  short- 
circuit  current,  based  on  the  armature  self-induction  alone, 
would,  of  course,  be  50  per  cent  too  high.  < 

(6)  A  method  of  calculating  the  transient  field  self-induction 
is  given  in  Part  II,  equation  (6).  It  is  proposed  that  this  react- 
ance be  called,  for  brevity,  field  reactance. 

(7)  Equation  (7),  Part  II,  gives  a  value,  Xpo  of  the  total  per 
cent  reactance,  which  determines  the  alternating  component 
of  short-circuit  current.  It  is  proposed  that  this  reactance  be 
called  transient  reactance. 

(8)  The  attenuation  factors  a/  and  ««,  which  determine  the 
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rate  of  decrease  of  the  field  and  armature  transients,  respectively 
are  given  in  equations  (18)  and  (26). 

(9)  External  field  reactance  reduces  the  short-circuit  current. 
Its  elffect  can  be  calculated  by  equation  (26a).  The  high  volt- 
age across  the  field  collector  rings  (which  may  be  50,000  volts 
on  large  generators,  assuming  external  field  reactance  equal  to 
internal)  precludes  its  use  in  most  cases.' 

(10)  Table  IV  confirms  the  following  points,  which  are 
brought  out  in  the  theory  given  in  Part  II: 

(a)  The  short-circuit  current  of  synchronous  machines  can  be 
calculated  with  practical  accuracy. 

(b)  In  the  case  of  turbine  generators  with  solid  steel  rotors, 
and  also  of  salient-pole  machines  with  low  resistance  amortis- 
seur  windings,  the  transient  reactance  should  be  taken  equal  to 
the  armature  reactance. 

(c)  In  the  case  of  high  resistance  amortisseur  windings,  the 
same  value  of  transient  reactance  should  be  used  as  for  laminated 
salient-pole  machines  without  amortisseur  windings.  That  is, 
the  value  given  by  equation  (7)  Part  II. 

(d)  While  strictly,  the  complete  calculations  apply  only  to 
salient,  laminated  pole  machines  without  amortisseur  windings, 
and  the  proposals  in  (b)  and  (c)  are  only  approximations,  never- 
theless the  results  shown  in  Table  IV  justify  the  use  of  these  ap- 
proximations until  the  method  is  further  extended. 

(e)  Saturation  at  short  circuit  does  not  practically  affect 
value  of  short-circuit  current  of  salient,  laminated  pole  machines 
without  amortisseur  windings,  unless  the  magnetic  densities 
in  the  pole  tips  and  teeth  are  high  at  normal  voltage,  as  in  the 
case  of  the  1500-kv-a.  generator  in  Table  IV.  It  does  affect 
the  short-circuit  current  of  turbine  generators,  and,  probably, 
of  salient-pole  machines  with  low  resistance  amortisseur  wind- 
ings. 

(f)  The  ghort-circuit  current  is  practically  the  same  whether 
the  short  circuit  on  three-phase  machines  occurs  between  two 
terminals  or  three. 

(g)  A  single-phase  short  circuit-terminal  to  neutral,  produces 
a  current  60  per  cent  greater  than  that  of  a  three-phase  short 
circuit. 

In  conclusion  the  authors  wish  to  express  their  thanks  to 
Dr.  C.  P.  Steinmetz  and  W.  J.  Foster  for  their  interest  in  re- 
viewing the  restdts  of  the  paper,  and  to  Messrs.  E.J.  Bumham, 
E.  S.  Henningsen,  H.  K.  Humphrey,  and  J.  J.  Thalheimer  for 

heir  assistance. 
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APPENDIX  A 

Effect  of  Harmonics  in  No-Load  Flux  Wavb 

The  shapjB  of  the  wave  of  flux  distribution  is  determined 
largely  by  the  shape  of  the  pole  face  and  the  ratio  of  the  pole 
arc  to  pole  pitch.  The  armature  teeth  of  course  add  ripples 
of  high  order,  but  usually  of  small  magnitude.  The  latter  are 
neglected  in  the  following  derivation  because,  even  if  they  are 
of  appreciable  magnitude  to  cause  trouble  in  telephone  circuits, 
etc.,  they  have  little  effect  upon  the  effective  armature  m.m.f . 
or  upon  the  value  of  terminal  voltage.  The  third,  fifth,  seventh, 
and  possibly  the  ninth,  all  of  whose  magnitude  are  determined 
by  the  design  of  the  pole,  are  the  terms  which  introduce  errors 
into  calculations  based  upon  fumdamental  sine  functions.  To 
determine  the  effect  of  these  har- 
monics, the  following  equations 
have  been  developed.  They  show 
that  the  effect  of  the  harmonics 
upon  the  terminal  voltage,  for  a 
given  value  of  flux  per  pole,  can 
be  taken  into  accovmt  by  a  single 
factor,  K^. 

The  flux  waves  of  a  number 
of  representative  machines  were 
plotted  by  the  following  method. 
Refer  to  Fig.  36. 

The  flux  at  the  middle  of  the 
pole  was  assumed  to  be  10,  and 

the  flux  at  any  point  toward  the  edge  of  the  pole  was  taken 
inversely  as  the  air  gap.  To  obtain  the  flux  beyond  the  edge  of 
the  pole,  the  distance  a  b  was  divided  into  the  same  number  of 
spaces  as  the  distance  c  d  and  lines  drawn  joining  corresponding 
points  on  these  lines.  Assuming  the  flux  to  be  inversely  propor- 
tional to  the  length  of  air  gap,  the  broken  curve  was  derived. 
Since  the  effect  of  the  adjacent  poles  would  be  to  make  the  flux 
zero  at  the  point  midway  between  the  poles,  the  solid  line  was 
drawn  gradually  deviating  from  the  broken  curve  to  pass  through 
zero  at  the  middle  point. 

The  calculated  flux  waves  were  compared  with  test  flux 
waves  taken  by  exploring  coils  on  three  machines  and  found  ta 
agree  very  closely.  The  effect  of  saturation  of  the  teeth  in  the 
middle  of  the  pole  was  found  to  make  a  slight  difference  in  the 
flux  wave  shapes  on  the  same  machines  at  different  voltages. 


Fig.  36 — Flux  Distribution 
Curve 
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At  crdinaxy  tooth  densities,  however,  the  variation  will  make 
only  one  or  two  per  cent  difference  in  the  value  of  K^,  for 
values  of  voltage  from  one  half  to  normal. 

Flux  waves  were  obtained  by  the  method  shown  in  Pig.  36 
for  ratios  of  pole  arc  to  pole  pitch  of  50,  66§  and  75  per  cent,  for 
ratios  of  maximiun  to  minimum  air  gap  from  unity  to  three  to 
one,  and  for  different  minimum  air  gaps  varpng  from  one  to 
four  per  cent  of  the  pole  pitch.  The  flux  waves  were  then  an- 
alyzed for  the  harmonics  up  to  the  eleventh,  and  the  values  of 
K^  were  calctdated.     These  values  of  K^  are  given  in  Pig.  20. 

The  factor  K^  gives  the  ratio  of  the  total  flux  in  the  irregular  wave 
to  the  total  flux  in  a  sine  wave  which  would  give  the  same  effective 
voltage  at  the  terminals  of  the  machine. 

This  is  exactly  true  only  when  the  terminal  voltage  has  a 
form  factor  equal  to  that  of  a  sine  wave.  This  is  approximately 
the  case  with  practically  all  conmiercial  machines  as  now  built, 
as  the  distribution  of  armature  winding,  short  pitch  of  armature 
coils  and  star  connection  of  the  machines  all  operate  to  elimi- 
nate the  effect  of  harmonics  in  the  flux  wave. 

Let  Fig.  36  represent  the  flux  distribution  at  no  load. 

iS  =  (/3i  sin  e  +  /Ss  sin  3  e  +  jSj  sin  5  «  + . . . .)  (1) 

Instantaneous  voltage  generated  in  unit  length  of  one  con- 
ductor is 

e'  =  ^    =   — (/3isine+i98sin3e+  ftsin5  «+....)  (2) 

Where 

V  =  velocity  of  flux  relative  to  conductor,  in  centi- 
meters per  second. 
j8  =  flux  density,  lines  per  sq.  cm. 

Effective  value  of  voltage  is 


2    T'^' 


a/ 


Tr 


io»  Y  T  J 


»/2 

p'dd  (8) 
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/3»  =  (j8j  sin  d  +  ft  sin  3  d  +  ft  sin  5  d  + . . .  .)* 

=   j8i»  sin*  d  +  ft*  sin»  3  d  +  ft*  sin*  5  (?  + . . . . 
+  2  (  ft  j8,  sin  0  sin  3  0  +  /3i  ft  sin  0  sin  5  0 

+  ft  ftsin3dsin5d+  ....) 

(j8i  ft  sin  d  sin  3  0+  /^i  ft  sin  0  sin  5  0 

+  ft  ft  sin  3  d  sin  6  d  +  . . . .) 


18  zero. 


''"■'Wi\/lj   ^^ 


(ft*sin*d+ft»sin*3d+ft»sin*5fl+...)d» 

(*) 

(5) 


Where 


«•//• 

V 

10V2" 

_   "ft 

10*  vT 

V()8,*  +  ft* 

+  ft* 

+  .... 

«//• 

V  1  +  *.*  +  *.»  + 

.... 

k. 

-   ft  +   /3i 

k. 

-   jS.  -5-   ft 

etc. 

V   ■• 

=  2t/ 

(6) 


where 

T    =  pole  pitch 

/    =  cycles  per  second. 


^//■-    ^y^i-   Vl  +  A3'  +  W+....  (7) 

The  effective  voltage  of  a  complete,  full-pitch  coil  of  Nq  series 
turns,  (that  is,  concentrated  winding)  is 

£.//.   =  2  iVtf  /  f,/,.  (8) 

where 

/  =  gross  stacked  length  of  core  (iron  +  ducts) 

£./,.  =    ^^^^^y     Vi  +  A.*  +  *,*+....        (9) 
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If  the  coil  does  not  span  the  full  pitch  r,  the  quantity  under 
the  radical  is  reduced.  The  voltage  of  thp  two  coil  sides  are  out 
of  phase  by  angle  (l—p)  x,  for  fundamental  and  by  angle 

(I  -  p)nT 
for  n  th  harmonic, 
where, 

—        coil  pitch 
pole  pitch 

Hence  the  reduction  factor  will  be  the  cosine  of  half  the  angle, 
that  is, 

*,    =  cos  (l-/>)    ^  (10) 

for  fundamental  and 

K^  =  cos  {\-p)  ^  (11) 

for  n  th  harmonic. 

"Adams  has  given  curves  for  k^^ 

If  the  Nq  series  turns  per  pole  per  phase  are  distributed  in 
two  or  more  slots,  there  is  an  additional  reduction.  This  factor 
kd^  is  given  in  table  prepared  also  by  "Adams. 

If  the  three-phase  machine  is  connected  F,  there  is  a  still 
further  reduction,  but  since  the  reduction  for  fundamental  is 
same  as  for  all  harmonics,  namely  0.866,  except  the  3rd  and  9th 
which  are  entirely  eliminated,  it  is  not  necessary  to  take  this 
into  account  separately,  as  is  done  with  kj,^  and  kd^,  "Adams 
gives  also  a  table  showing  the  product 

KK-K,  (12) 

for  different  conditions. 

Hence  the  effective  voltage  per  phase  (per  leg)  is 

Where 

Nj,    =  series  turns  per  phase. 

To  find  value  of  jSi,  refer  to  equation  (1) 
iSi     =    iSi  sin  e  +  iSs  sin  3  e  +  /Ss  sin  5  e  +  ... .      (1) 

17.  Trans.  A.  I.  E.  E.,  Vol  28,  Part  2,  p.  798,  799,  805. 
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i8«..-  |-  iSi  (  1  +  1^  +  -^  +  ....  )  (U) 

Total  flux  per  pole  is 


*  =  —  t/ 


2       ,  o  /,.*».'    *» 


IT 


i8i(l  +  f-  +  -^  +  ....  )  (1«) 


Let 


...( 


1  +  A.+ j|l  +  . 


(16) 


^i  =   -o-^ (17) 


IT  ^ 


Substituting  in  (13) 


£.//.    =  ^'^IkI^^  ^^'  +  *r»*  *s'  +  *r»»  *»*+....      (18) 

It  is  obvious  from  (18)  that  if  fractional  pitch  is  used  and  th© 
coils  are  distributed,  km  becomes  practically  negligible  for  the 
higher  harmonics.  If  the  machine  is  Y-connected,  the  third  and 
its  multiples  are  eliminated,  leaving  the  value  of  the  radical  very 
near  to 

which  is 

In  most  cases  the  radical  may  be  taken  as  ftr  *»  ftp  kd  with 
very  little  error  in  £,//. 

In  concentrated  windings,  full  pitch,  A-connected,  the  radi- 
cal cannot  be  neglected.  It  can  be  neglected  with  little  error 
for  machines  with  two  or  more  slots  per  pole  per  phase,  or  frac- 
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tional  slots  per  pole  per  phase,  Y-connected  armattire.    In 
such  cases, 


^'"- Wk; 

This  means  that  the  flux  of  the  fundamental  only 
-         _*_ 

is  useful.    That  is,  the  useful  flux  is 


(19) 


J- 


«i  »  I    Planed e  (20) 

0 

This  value  *i  is  what  design  calculations  have  usually  been 
based  on,  i,e.  calculations  which  assumed  sine  distributions  of 
flux. 

Therefore,  such  calculations  should  be  modified  only  by  the 
factor 

Thus 


where 


E,//.  =»  effective  voltage  per  phase. 
i.e,  per  leg 
Np  «  series  turns  per  phase. 
/  =  frequency. 

Kp    ^  -r-   ^  fractional  pitch  coefficient  ordinarily  used 

Kp 

in  design 
X^  a  _   B  distributed  coefficient    ordinarily    used   in 
design,  and  given  in  Table  II. 

iir*«fl  +  -2P  +  -^   +   ),   and  is  given    in 

Pig.  20. 
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Where 


k^    =  percent  third    harmonic  in  flux    wave 
etc. 


ft5    =  "      fifth        "  "     " 

*7    =  "      seventh"  "     *' 


If  the  radical  in  equation  (18)  is  not  negligible,  (21)  becomes 

*  =  ^''lufN^^  ^k^^^^jw+kjk^rrr,  (22) 

APPENDIX  B 

Armature  Reaction 

Much  has  been  written  about  armature  reaction,  particularly 
in  Europe  and  during  the  last  few  years*'.  Practically  without 
exception  the  method  of  attacking  the  problem  has  been  to 
obtain  an  expression  for  the  wave  of  armature  m.m.f.  and  an 
expression  for  the  wave  of  field  m.m.f.  and  combine  the  two  for 
the  resultant  which  determines  the  flux.  But  at  this  point 
diificulty  is  encountered,  especially  on  salient-pole  machines. 
One  must  know  the  reluctance  at  all  points,  as  well  as  the  m.m.f . 
before  the  flux  can  be  obtained.  On  turbine  generators  where 
reluctance  is  practically  uniform  over  the  whole  pole  pitch,  the 
flux  can  be  assumed  to  be  proportional  to  the  m.m.f.,  and  the 
problem  works  out  well.  However,  such  a  method  has  not 
succeeded  in  solving,  without  questionable  assimiptions,  the 
case  of  salient  poles. 

The  method  given  in  the  following  pages  for  solving  the  case 
of  salient  poles  is  based  on  the  principle  that  the  effectiveness  of  an 
armature  ampere  turn  at  any  instant  and  at  zero  power  factor,  as 
compared  with  afield  ampere  turn,  in  establishing  flux  in  the  mutual 
magnetic  path,  depends  upon  the  percentage  of  the  total  useful  no- 
load  flux  that  the  armature  turn  would  enclose  at  that  instant  on  open 
circuit.  The  method  was  worked  out  during  the  investiga- 
tion of  armature  self-induction  covered  in  the  main  body  of 
the  paper.  The  authors  were  met  in  this  investigation  by  the 
necessity  of  determining  more  accurately  the  relative  strength 
of  armature  and  field,  since  the  armature  self-induction  is  tested 
by  taking  the  difference  between  these  quantities  on  sustained 
short  circuit.  This,  as  in  the  case  given  in  Appendix  A,  is  one 
of  the  few  instances  where  an  apparently  hopeless  case  has 

18.  See  bibliography  at  end  of  Appendix  B. 
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worked  out  to  the  simplest  result:  the  armature  reaction  is 
calculated  by  the  familiar  formula  based  on  sine  wave  asstunp- 
tion,  and  this  is  modified  by  a  single  factor  which  may  be  taken 
directly  from  the  curve  shown  in  Fig.  20 

It  was  fotmd  by  methods  described  in  Appendix  A  that  the 
no-load  flux  wave  cotdd  be  very  closely  determined  from  the 
dimensions  of  the  machine.  The  flux-wave  shape  was  thus 
plotted  for  the  variety  of  conditions  within  the  ranges  of  normal 
design.  These  waves  were  expressed  as  a  Fourier's  series.  With 
the  equation  of  the  wave  given,  the  solution  easily  followed. 

Let  Fig.  37a  represent  the  no  load  flux  wave.  If  one  armature 
ampere  turn  is  placed  sjnnmetrically  about  the  field  magnetic 
circuit  {i.e.  directly  opposite  it,  when  &  =  O  in  Fig.  37a),  the 
flux  wave  will  be  a  replica  of  that  produced  by  one  field  ampere 


\^16o/' fViose/7 


Fig.  37a 


Fig.  37b 


turn.  If  the  coil  does  not  span  the  entire  pole  pitch,  then  with- 
in the  portion  which  is  spanned  the  flux  wave  will  be  a  replica  of 
.that  same  portion  of  a  complete  wave  of  a  full-pitch  turn,  as  in 
Fig.  37b. 

On  sustained  short  circuit,  an  armature  current  is  maintained 
which  is  just  sufficient  to  create  an  opposing  m.m.f.  acting  on 
the  mutual  magnetic  circuit,  equal  to  that  of  the  field;  or  in 
other  words,  stifficient  to  annihilate  the  mutual  flux.  Hence,  as 
mentioned  above,  the  measure  of  the  effectiveness  of  any  turn  at 
any  instant  is  the  percentage  of  the  total  mutual  flux  it  would 
enclose  on  open  circuit. 

Refer  to  Fig.  37a.  A  full-pitch  turn,  A,  encloses  all  of  the  flux 
when  in  position  d  =  0.  At  any  angle  d,  observe  that  the 
flux  enclosed  by  A  is  the  same  as  if  the  two  sides  of  the  coil  were 
moved  toward  the  center  of  the  flux  wave  by  the  same  angle,  0; 
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because  the  positive  flux,  a,  is  now  neutralized  by  the  negative 
flux  b. 
The  effectiveness  of  the  turns  in  phase  A  at  the  angle  6  is 

X  area  c  c  ,^v 


area  total  wave  c  +  2a 

As  in  Appendix  A,  the  equation  of  the  wave  is 

y  «  sin  e  +  ft,  sin  3  d  +  As  sin  5  d  +  . . . .  (2) 


/■ 


ydO  (S) 

0 

Prom  equations  (14)  and  (16),  Appendix  A,  it  follows  that 
c  +  2a  ~  T  X  average  ordinate 

-  T  X  0.636  (l  +  -J    +  X  +  •    •  •  ) 
c  +20"  2K4  (4) 

Prom  (S) 


.  I    yitf  -  j      (sir 


a  "  I    yde  '^  \      (sin  0  +  k»smZ  0  +  ki^n  5  0  + . .)  d  B 

0  0 


a  -  (1  -  cos  fl)  +  -^  (1  -  cos  3  tf) 


+  -^   (1  -  cos  5  «)  +  .... 

c  =  X* -(cosd  +  -^  cos3tf+ -^cosStf +....)      (6) 

Prom  (4), 

c  "  2{K4-  a) 
Hence,  from  (1) 

.  2  jK*  -  a) 

^' 2xr" 


-M 


cosd+   -^   C0S3«  +  -JC085  «+....) 


iC* 
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Xf  «   x(  ~^*  "^  T   ^^^3*+  -^cosS  »  +  ....)  (7) 

For  the  case  of  a  three-phase  machine  with  60-deg.  phase  belt, 
and  concentrated  winding,  and  assuming  a  sine  wave  armature 
current  (which  practically  exists  on  sustained  short  circuit),  the 
effective  m.m.f.  of  phase  A,  Fig.  37a  is 

Xf\^iV,7cosd  (8) 

of  phase  B, 

X        V2JV,7cos(»  +  60)  (9) 

(#+60) 

of  phase  C, 

X        JV,  7  cos  (fl  +  120)  (10) 

(#+120) 

where, 

Nq    »  series  armature  turns  per  pole  per  phase. 
.  7  —     r.m.s.  amperes  per  turn. 

X      -  4^  r  cos  (»  +  60)  +  -V  cos  (3  *  +  180) 
+  -^cos(5d  + 300) +....] 

X        =  -^  r(0.5  cos  d -0.866  sin  6)  -  -^  cos  3  0 
(#+00)         A^  L  « 

+  -^  (0.5  cos  5  fl  +  0.866  sin  5  0) 

+  -y-  (0.5  cos  7  fl  -  0.866  sin  7  tf)]  (11) 

This  neglects  harmonics  above  7th. 
By  the  same  reasoning, 

X       =^  r  (-  0.6  cos  fl  -  0.866  sin  d)  +  fy  cosZO 
(#+l»)  A^  L  ^ 

+  -^  (-0.6cos6tf +  0.866 sin5d) 

+  -^(-  0.5  cos  7  «  -  0.866  sin  7  »)]  (12) 
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The  total  m.m.f .  per  pole  {i.e.  the  armature  reaction)  is 

-4  =  X|  V2N,Icose 

+  \        V2  N^I  (0.5  cos  e  -  0.866  sin  0) 
(0+eo) 

-  X       V2N^I  (0.5  cos  e  +  0.866  sin  d) 

(»  +  120) 

A  =   y/2N,  I  [\0  cos  8+  X       (0.5  cos  0  ~  0.866  sin  0) 

(•+60) 

-  X        (0.5  cos  0  +  0.866  sin  0)]  (18) 

(«  +  120) 

Substituting  equations  (7),  (11),  and  (12), 
A  ^  V2N,I  [-^^    {   cos  e  +  -^  cos3  0+  ^cos  50 

+  -^  cos  7  d  } 
^    (0.5  cos  g  ^0.866  sing)   |  ^^^  ^^^  ^  ^  ^  ^^^  ^^  ^^ 

-     ^cos3g 

+    y-(0.5Gos7g- 0.866sin7g)| 

(0.5  cos  0  +  0.866  sin  0)    f  ,    ^  -         ^     r^oaa  -    m 
—    ^^ T I  (—0.5  cos  0—  0.866  sin  &) 

+  -J  cos  3  e  +  -^*-(-0.5  cos  5  e  +  0.866  sin  5  0) 

+   y- (-0.5  cos  7  d- 0.866  sin  7  d)   11 
Simplifying,  this  becomes 
-4   «  ^^ — 2 —       1  +  cos  &  I  -^  cos  5  &  +  -y-  cos  7  d  1 

+   sin  0  (--y-  sin5^-^sin7e)]  (14) 

If  the  armature  turns  are  distributed  over  the  phase  belt  in  a 
nimiber  of  coils  instead  of  being  concentrated  in  one  coil,  and  if 
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the  coils  do  not  span  the  full  pole  pitch,  the  bracket  quantity  of 
equation  (14)  is  modified  as  follows: 

1  becomes  kp  kd 

kt  and  ^7  are  multiplied  by  km 

Adams^*  has  given  tables  foi  these  reduction  factors. 

However,  since  the  5th  and  7th  are  usually  not  large,  and 
since,  as  shown  by  (14),  their  effect  is  decreased  by  the  order  of 
the  harmonic,  it  may  be  safely  assumed  that  the  further  de- 
crease by  km  renders  negligible  all  of  the  harmonics,  in  cases 
where  the  winding  is  distributed  in  more  than  one  slot  per  pole 
per  phase. 

Hence  for  such  cases  equation  (14)  becomes, 

.  1.5  V2Jy,J  2.12  jy^  J      ,^,         -      ,      ,,-, 

^    =     K,  Ks  Kp     ==      K,  KsKp     ^^^^^P^)      ("> 


where 


Kp- 


1  1 


kp  sin  {p  90) 


Nq    =  series  turns  per  pole  per  phase 

/       =  current  per  turn 

K^    -  flus  distribution  coefficient  given  in  Fig.  20. 

APPENDIX  C 

Calculation  of  Excitation 

The  reactance  as  calculated  by  the  method  developed  in  this 
paper  may  be  used  in  calculating  excitation  of  alternating- 
current  machines.  The  method  used  is  an  application  of  the 
generally  accepted  principles  of  excitation  calculation,  which 
have  been  developed  by  a  number  of  writers  in  slightly  different 
forms. 

The  diagram,  Pig.  18,  illustrates  the  factors  used  in  the  cal- 
culation for  a  generator  with  lagging  current  output. 

In  =  normal  armature  current. 
E  =  terminal  voltage  (is  taken  as  unity  for  calcu- 
lations on  the  per  cent  basis.) 
Ei  =  in-phase  component  of  terminal  voltage 
=  cos  9 

19.  Trans.  A.  I.  E.  E.,  Vol.  28,  Part  2,  pp.  798,  799,  8{i0, 
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£,    =  quadrature  component  of  terminal  voltage 
=  sin  9 
cos  0  =  power  factor 

fpm  =  voltage  required  to  overcome   resistance  drop 

in  per  cent  of  E.    (tp^  =  0.01  means  1  percent) 

Xpm  =  voltage  required  to  overcome  reactance  drop 

in  per  cent  of  £.    (xp^  =  0.2  means  20|percent) 

El  «=  internal  induced  voltage  under  load  in  per 

cent  of  E. 

=   (cos  e  ±rpa)  +  j  (sin  0  =fc  Xpa) 

From  the  diagram  it  can  be  seen  that  cos  0  =  *-r= — ^^ 


Note  that  for  a  motor  the  sign  of  fpo  will  be  minus. 
Also  sin  0 


Es  +  Xp^ 


This  expression  holds  for  the  over-excited  condition,  that  is, 
for  a  generator  with  lagging  current  or  a  motor  with  leading 
current,  but  the  sign  of  Xp^  will  be  minus  for  the  under-excited 
conditions. 

A    —  ampere  turns  per  pole  required  to  overcome 
the  effective  armature  reaction. 

A   =       rr    rr  V —  for  thrce  phase 

Ap  Aj  A^ 
IAIN,  In      ,        ^  . 

=  — rr    V   zr —  for  two  phasc 

Ap  Aj  A^ 

Nq  =  series  armature  turns  per  pole  per  phase 
Kp  =  fractional  pitch  coefficient 
Kd  =  armature  winding  distribution  coefficient. 
K^  =  flux  distribution  coefficient. 
#  =  no  load  flux  per  pole  for  normal  voltage  E. 
#1  =  full-load    flux    per  pole  for  internal  induced 

voltage  El 
*t  =  flux  for  impedance  drop. 
Fi  =  ampere   turns   from  no-load  saturation  curve 

required  to  produce  #i. 
Fo  =  full-load  ftmper^  turns  per  pole. 
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The  m.m.f .  diagram  is  all  that  is  required  for  the  calculation 
of  the  field  current  and  this  diagram  taken  from  Fig.  18  for  the 
over-exdted  condition  is  given  in  Fig.  19a,  and  for  under-excited 
condition  in  19b.  The  following  relation  may  be  derived  from 
this  diagram  by  inspection. 

Fo  =  {Fi+  A  sin  Bi)  +j  A  cos  Bi 

For  the  under-excited  condition  the  expression 

Fo  =  (F-  A  sin  ^i)  +  j.4  cos  Bi 

The  application  of  this  theory  can  best  be  illustrated  by  an 
example.  The  formulas  necessary  for  the  calculations  are  given 
below 

^            cos  ^  ±  r«i 
cosffi  =  ^ Si- 
Sign  is  +  for  generator 
Sign  is  —  for  motor 

.;«/»-      sin  e  ±  x^ 
sm  tFi  =   - 


Fo  =  {Fi±A  sin  ^i )  +j  A  cos  Bi 

Sign  is  +  for  generator  lagging  current  or  motor  leading 
current. 

Sign  is  —   for  generator  leading  current  or  motor  lagging 
current. 

£i  =   (cos  e  ±  fpa)  +7  (  sin  B  ±  Xp^) 

Example: 

Generator — Lagging  current. 

Assume  fj^     =  O.Ol   —   I  per  cent 

Xpm    =0.16  =   16  per  cent 
Power  factor     cos  B  =  0.80 

Sin  e  =  0.60 

F  =  3800  ampere  turns  (not  used  in  calculations) 
Fi  =  4500  ampere  turns. 
A   =  3000  ampere  turns. 
Then  El  =  (cos  B  +  r^)  +j  (sin  B  +  x^) 
=  0.81  +  j  0.76  «  1.10 

The  value  of  Fi  is  obtained  from  the  no-load  saturation  curve 
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(test  or  calculated)  at  110  per  cent  normal  terminal  voltage  and 
is  4500  ampere  turns. 

0.76 


sin  01 


cos  01   = 


1.10 
0.81 


1.10 


0.68 


=  0.735 


Fo  =   (4500  +  0.68  X  3000)  +j  0.735  X  3000 
=  6900  ampere  turns. 

Motor — Lagging  current. 

Same  data  as  above  except  Fi  =  3400  ampere  turns. 

E  "=   (cos  0  —  fpa)  +  j  (sin  0  —  Xjn) 
«  0.79+ J  0.45  =0.91 

Fi  corresponds  to  91  per  cent  of  normal  voltage  and  is  3400 
ampere  turns. 

0.79 


cos  01 


0.91 


0.87 


sin  0,  =^-5^    =  0.495 

Fo  =   (3400  -  0.496  X  3000)  +  j  0.87  X  3000 
=  3230  ampere  turns. 

The  calculation  of  the  above  generator  may  be  represented 
by  the  following  simple  calculation. 

^  1   0.' 


1.75 


1.10 


3000  =  A 
4500  =   F 


6540 


3000  y  „„         2040 

Tio  ^  ^-^^  = 

3000 


1.10 


X  0.81 


2210 


=  6900  =   Ft 


Note  that  0.81 
0.75 


1.10  and 


6540 
2210 


=  6900 


indicate  combination  of  vectors  at  90  deg. 

This  method  of  calculation  of  field  current  is  an  approxi- 
mation, and  does  net  allow  for  the  increased  field  leakage  under 
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load.  Tills  is  probably  compensated  for  by  including  the  added 
no-load  saturation  in  the  armature  magnetic  circuit  which  does 
not  exist  under  load.  The  method  has  been  found  to  give  a 
very  close  check  on  test  results  on  a  very  lar^e  number  of  com- 
mercial inacrlnr.;. 
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Discussion  on  "Reactance  op  Synchronous  Machines  and 
ITS  Applications"  (Doherty  and  Shirley),  Atlantic 
City  N.  J.,  June  28,  1918. 

Carl  J.  Fechheimer:  All  who  have  been  identified  with  the 
design  of  a-c.  synchronous  machinery  have  appreciated  the  great 
importance  of  internal  reactance  of  the  stator.  All  of  us  have 
grappled  with  the  problem  of  estimating  the  value  of  the  reactance, 
and  probably  there  are  no  two  who  will  agree  either  on  a  method 
of  calculating  its  value  or  even  on  its  magnitude  after  the  machine 
is  tested.  Certainly,  we  cannot  agree  upon  the  value  of  react- 
ance imtil  we  establish  what  reactance  means,  and  are  in  accord 
upon  its  valuation  from  test  data.  Thus,  as  pointed  out  by  the 
authors,  the  reactance  determined  from  instantaneous  short  cir- 
cuits may  be  different  than  that  which  obtains  during  steady 
operation. 

We  shall  entmierate  the  most  important  ways  by  which  the 
stator  reactance  can  be  meastired. 

(1)  With  the  use  of  the  open-circuit  saturation  and  short- 
circuit  curves,  and  a  knowledge  of  the  proportions  of  the  ma- 
chine, the  ampere  turns  required  to  neutralize  the  armature 
reaction  on  sustained  short  circuit  may  be  deducted  from  the 
total  ampere  turns  on  short  circuit,  thus  leaving  the  ampere 
turns  which  are  needed  to  drive  the  flux  through  the  magnetic 
circuit.  From  this  latter,  and  with  the  open-circuit  saturation 
curve,  the  reactance  can  be  estimated. 

(2)  From  no-load  saturation  curve,  a  corrected  curve  which 
asstunes  full-load  leakage  may  be  drawn.  From  this  latter 
curve,  and  with  the  use  of  the  load  saturation  curve  at  nearly 
zero  power  factor,  the  drop  may  be  broken  up  into  armattire 
reaction  and  armature  reactance  by  assuming  that  these  are 
constant  along  the  curve. 

(3)  The  rotor  may  be  removed  and  single-phase  current  at 
normal  frequency  may  be  circulated  in  the  stator  windings 
between  one  terminal  and  neutral  for  three-phase  star  connection. 
Inasmuch  as  the  resistance  drop  is  usually  negligible,  we  may 
take  the  reactance  to  be  the  volts  from  terminal  to  neutral, 
divided  by  the  current. 

For  three-phase  delta,  circulate  current  in  one  leg:  for  two- 
phase,  circulate  ciurent  in  one  phase. 

(4)  Same  as  3,  except  that  instead  of  single-phase  current 
between  neutral  and  terminal,  polyphase  current  may  be  cir- 
culated between  terminals. 

(5)  Same  as  3,  except  with  the  rotor  in  position.  (This 
gives  different  values  for  different  positions  of  the  rotor.) 

(6)  Same  as  4,  except  with  the  rotor  in  position.  (This 
gives  different  values  for  different  positions  of  the  rotor.) 

(7)  A  condenser  may  be  connected  across  the  terminals  of  the 
machine,  the  value  of  the  capacity  of  which  may  be  varied, 
so  that  approximate  resonance  can  be  obtained.  It  is  then  a 
simple  matter  to  calculate  the  inductance. 
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(8)  The  reactance  may  be  estimated  from  oscillograms 
obtained  on  instantaneous  short  circuits.  In  that  case,  the 
peaks  of  the  ctirrent  should  be  projected  back  to  the  ordinates 
drawn  at  the  instant  of  short  circuit. 

These  eight  methods  of  ilieasurement  give  various  values 
of  reactance,  although  two  or  more  methods  may  be  found  to 
check  in  some  machines.  What  then  shall  we  say  is  the  correct 
method?  The  subject  is  well  worthy  of  the  fttention  of  the 
Standardization  Committee  of  the  Institute.  We  shall  attempt 
to  discuss  these  methods  briefly. 

No.  1  (determination  from  short-circuit  curve)  has  two  de- 
cided objections:  (a)  It  is  difficult  to  estimate  with  sufficient 
accuracy  the  armature  reaction,  and  a  relatively  small  error  in 


Fig.  1 

this  estimate  will  be  magnified  considerably  in  the  value  of  the 
reactance;  thus  5  per  cent  error  in  estimate  of  armature  reac- 
tion may  result  in  40  per  cent  error  in  reactance,  (b)  The  volt- 
age which  is  induced  in  the  individual  conductors  on  sustained 
short  circuit  (and  which  is  entirely  constuned  byfimpedance) 
is  in  general  of  badly  distorted  wave  form. 

For  instance,  we  are  showing  in  Fig.  1  the  ideal  field  form  of 
the  magnetomotive  force  of  the  rotor  of  a  turbo-generator 
R,  and  an  assumed  sine  wave  space  distribution  of  the  m.  m.  f . 
of  the  stator  current  S  (ideal  conditions).  The  resultant  of 
these  two  gives  the  m.  m.  f .  which  drives  the  flux  through  the 
magnetic  circuit.  Although  the  higher  harmonics  which 
would  result  from  the  distortion  are  pretty  well  damped  out  in 
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the  current  wave  form,  they  still  appear  in  the  wave  of  induced 
e.  m.  f .  in  the  individual  conductors.  It  will  therefore  readily 
be  seen  that  reactance  computed  in  this  way  from  tests  is  liable 
to  be  considerably  in  error.  That  the  distortion  is  very  much 
reduced  at  full  load,  zero  power  factor,  is  quite  evident. 

No.  2  (determination  from  no-load  and  zero  power  factor  load 
curves)  has  the  objection  that  it  involves  calculation  of  the  full- 
load  leakage  no-load  saturation  curve,  which  is  subject  to  error. 
The  proportions  of  reaction  and  reactance  as  finally  determined 
by  this  method,  even  if  we  were  able  to  estimate  the  full-load 
leakage  curve,  are  also  liable  to  be  in  error.  Furthermore, 
saturation  in  the  magnetic  circuit  may  cause  the  reactance  to 
change  in  magnitude  along  the  curve. 

Nos.  3  to  6,  inclusive,  (pertaining  to  circulating  current  in 
windings)  all  give  different  results,  but  our  observations  lead  us 
to  believe  that  No.  3  gives  results  which  are  more  nearly  correct 
than  4,  5  or  6.  It  is  certain  that  with  the  rotor  in  position  the 
reactance  measured  is  considerably  higher  than  that  which  act- 
ually obtains.  With  three-phase  currents,  there  is  sufficient  mu- 
tuiJ  inductance  to  give  about  15  per  cent  higher  inductance  than 
with  single-phase. 

No.  7  has  the  disadvantage  that  a  condenser  has  not  lent  it- 
self readily  to  use  in  our  test  rooms.  Fiuthermore,  we  have 
had  too  little  experience  with  this  method  to  compare  it  with 
others,  but  believe  there  are  possibilities  and  we  therefore  sug- 
gest that  it  be  further  investigated. 

No.  8  (pertaining  to  instantaneous  short  circuit)  has  the  draw- 
back that  it  subjects  the  machine  to  severe  strains,  and  is 
in  general  expensive  and  too  elaborate  for  general  commercial 
use. 

Discussing  first  the  stistained  reactance,  it  is  our  tmderstanding 
that  the  authors  of  the  paper  used  Method  No.  1  (short-circuit, 
and  no-load  saturation  etudes)  for  checking  their  formula  for 
sustained  reactance  against  test.  All  of  us  will  agree  that 
an  analytical  determination  of  reactance  is  next  to  impossible, 
and  we  must  have  recourse  to  test  data,  and  thereby  obtain  empi- 
rical constants;  especially  is  this  true  of  end  connection  leakage, 
and  we  think  that  it  is  essential  for  tooth-tip  leakage  also.  In- 
asmuch as  the  authors  used  a  test  method  which  is  subject 
to  an  error  of  the  order  of  50  per  cent,  we  must  be  cautious 
in  adopting  their  formula,  and  rely  upon  the  accuracy  of  reac- 
tance estimated  thereby.  Aside  from  the  error  pointed  out 
in  determining  reactance  from  test,  we  find  in  Table  I,  that  40 
per  cent  of  the  machines  show  a  difference  between  calculated 
and  test  values  of  more  than  20  per  cent,  and  the  discrepancy 
in  one  case  is  145  per  cent,  and  in  another  185  per  cent. 

We  believe  that  the  authors  have  allowed  too  much  for  in- 
crease due  to  mutual  inductance  with  three-phase  over  single- 
phase.  Tests  which  we  have  made  removing  the  rotor  and 
circulating    current   through    windings,    indicate  only  16  per 
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cent  higher  reactance  three-phase  (star-connection)  than  single- 
phase  terminal  to  neutral. 

Turning  now  to  the  reactance  which  obtains  in  instantaneous 
short  circuit,  we  are  in  agreement  with  the  authors  that  the  leak- 
age flux  of  the  rotor  plays  a  considerable  part  in  reducing  the  rush 
of  current,  although  we  do  not  view  the  phenomenon  from  the 
same  point  of  view.  For  instance,  we  believe  that  saturation 
of  the  rotor  poles  in  conjimction  with  rotor  leakage  flux,  may 
have  considerable  influence  in  reducing  the  pole  leakage.  For 
example,  let  us  asstmie  that  the  combined  transient  reactance 
is  such  that  the  stator  current  can  rise  to  ten  times  normal 
r.  m.  s.  value,  and  that  the  total  ampere  turns  in  the  rotor 
also  rise  to  ten  times  the  no-load  value.  Then  the  difference 
in  magnetic  potential  between  poles,  being  ten  times,  the  leakage 
flux  will  rise  to  ten  times.  If  the  no-load  field  leakage  were 
12  per  cent,  then  with  ten  times  field  current,  there  will  be 
12  X 10  =  120  per  cent  leakage,  so  that,  if  the  density  in  the  poles 
at  no  load  were  90,000  lines  per  square  inch,  the  density  would 

rise  to  (  t  ^n  '22  )  ^'^^^ "^  177,000  lines  per  sq.  in.     That  the 

density  in  the  poles  does  not  reach  such  high  value  will  be  quite 
evident  frqjn  a  glance  at  the  B'H  cwrve  for  the  steel,  and  the 
result  is  that  some  of  the  flux  which  had  previously  been 
useful  as  generating  e.  m.  f.  in  the  stator  conductors,  "sinks" 
into  leakage  flux,  so  as  to  maintain  substantially  constant 
interlinkages  with  the  conductors  in  the  rotor  (these  may 
be  field  turns,  rivets,  or  any  paths  for  the  currents).  Sattiration 
of  the  stator  teeth  may  also  play  some  part,  for  with  the  reduc- 
tion in  main  flux,  more  leakage  flux  may  flow,  and  this  may,  in 
some  teeth,  be  of  sufficient  magnitude  to  reduce  the  percentage 
leakage.  With  smooth,*  solid  rotors,  such  as  those  in  tiu-bo- 
generators,  the  phenomenon  as  regards  pole  satiuation  is  quite 
different  from  that  which  obtains  with  definite  poles,  because 
most  of  the  coimter  m.  m.  f.  in  the  rotor  is  produced  by  eddy- 
currents  near  the  rotor  stuiace,  and  they  are  not,  in  turn,  pro- 
ductive, of  a  great  percentage  increase  in  leakage  on  instantan- 
eous short  circuit.  Although  it  is  very  difficult  to  check  with 
the  sustained  short  circuit  and  no-load  and  zero  power  factor 
saturation  curves,  it  seems  that  the  transient  and  sustained 
reactances  in  turbo-generators  are  not  in  very  great  disagreement, 
and  we  note  that  the  authors  are  of  the  same  opinion. 

Other  factors  of  not  negligible  importance  as  affecting  the 
transient  reactance  might  be  cited.  We  shall  mention  only 
one:  In  salient-pole  alternators,  most  of  the  spiders  are  solid, 
and  as  is  well  known,  the  flux  (pulsates  whether  polyphase  or 
single-phase  short  circuit)  and  eddy-currents  are  induced  in  the 
spider,  which  in  turn  influence  the  rotor  leakage. 

As  we  look  over  the  authors'  paper  we  note  that  they  believe 
"saturation  is  not  a  very  serious  factor,"  and  they  have  u^t 
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considered  eddy  currents  in  the  spider.  We  are  very  much  of 
the  opinion  that  such  factors  cannot  be  ignored  if  even  reason- 
ably approximate  accurate  results  are  desired. 

Again,  eddy-currents  and  saturation  play  their  parts  in 
estimating  the  attenuation  factors — as  both  affect  resistance  and 
inductance.  Owing  to  the  fact  that  the  sattiration  of  the  poles 
decreases  with  time,  due  to  reduction  in  m.  m.  f.  and  flux,  and 
therefore  (1)  the  distribution  of  leakage  fluxes  from  pole  to  pole 
are  altered  (assuming  salient  pole-construction)  which  in  ttim 
affects  the  interlinkages  with  the  field  winding,  (thereby  changing 
the  coeflScient  of  self-induction  of  the  field  circuit) ;  and  (2)  the 
percentage  of  the  total  flux  which  enters  the  stator  is  auto- 
matically increased.  Inasmuch  as  eddy  currents  are  in  parallel 
with  the  field  currents,  insofar  as  net  m.  m.  f .  is  concerned,  the 
resistance  and  inductance  of  their  paths  are  necessarily  coupled 
magnetically  with  that  of  the  field  circuit.  It  will,  therefore, 
be  seen  that  an  analytical  determination  of  the  attenuation 
factors  is  well  nigh  impossible,  and  that  these  factors  may  not 
be  constant,  but  change  with  time. 

The  whole  problem  involves  so  many  diflSculties  and  complica- 
tions that  we  believe  that  we  must  rely  upon  empirical  (fata. 
Our  first  problem  is  to  find  a  way  of  measuring  sustained  react- 
ance, and  then  modify  the  constants  in  an  empirioal  equation 
to  enable  prediction  of  reactance  within  a  maximum  error  of, 
say,  16  to  20  per  cent.  Then  we  can  multiply  this  value  of 
reactance  by  some  factor  or  factors  determined  from  test  so  as  to 
enable  agreement  with  transient  reactance,  the  factors  being  of 
Afferent  magnitude  for  various  types  of  machines.  The  deter- 
mination of  the  field  and  armature  attenuation  factors  which 
are  probably  not  constants,  must  be  determined  from  oscillo- 
grams of  short  circuits,  and  should  be  some  ftmction  of  the 
time. 

In  regard  to  the  measurement  of  sustained  reactance,  we  are 
planning  to  conduct  some  tests  in  line  with  method  No.  7 
(involving  a  condenser)  and  take  oscillograms  to  determine 
the  magnitude  of  the  fundamental  as  well  as  of  the  harmonics. 
This  method  will  not,  we  believe,  be  suitable  for  general  applica- 
tion, especially  not  on  large  machines,  because  of  difficulty  in 
obtaining  large  condensers,  but  we  hope  thereby  to  establish 
some  constants  for  modifying  measured  sustained  reactance 
(say  by  circulating  current  in  stator  with  rotor  removed)  which 
we  can  adopt  as  reliable  figures. 

I  have  noted  the  authors'  reference  to  an  error  in  the  writer's 
paper,  and  wish  to  thank  them  for  calling  attention  to  it.  I 
previously  noted  this  mistake  about  four  years  ago,  but  have 
not  called  it  to  the  attention  of  the  Institute  members. 

I  believe  the  authors  deserve  a  great  deal  of  credit  for  the 
great  amount  of  work  which  they  have  done,  for  more  work  of 
this  character  would  be  helpful  in  cleaning  up  some  of  the  prob- 
lems with  which  we  areconfronted. 
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V.  Karapetoff:  It  seems  to  me  that  the  terms  reactance 
and  inductance  are  used  somewhat  indiscriminately  in  this 
paper.  After  formula  (3)  in  Part  11.  the  authors  say:  "The 
effective  field  self-induction  or  field  reactance."  Reactance  is  a 
different  concept  from  self-inductance,  and  in  a  paper  which  is 
intended  for  reference  purposes  it  would  seem  rather  unfortunate 
not  to  have  these  terms  more  defimitely  discriminated  because  one 
has  to  find  out  from  the  context  whether  the  reactance  or  the 
inductance  is  meant.  The  same  criticisni  applies  to  other 
places  in  the  paper. 

I  should  like  to  see  the  next  administration  of  the  Institute 
make  a  strong  effort  towards  improving  the  "readibility" 
of  the  Institute  papers.  In  a  mathematical  paper  .like  the 
one  under  discussion  a  very  careful  list  of  symbols  should  be 
demanded  of  the  author,  and  not  left  to  the  author's  discretion. 
It  is  true  that  in  this  particular  paper  partial  lists  of  S3mibols 
are  found  in  two  places,  but  they  do  not  include,  by  any  means, 
all  the  symbols,  nor  do  they  show  in  which  units  these  symbols 
are  expressed.  I  think  that  this  is  an  important  matter,  and 
should  not  be  left  to  the  discretion  of  the  author,  but  should  be 
made  uniform  by  definite  rules  of  the  Editing  Committee  of  the 
Institute. 

Now,  as  to  the  method  of  computation  of  inductance*  A 
number  of  years  ago  our  new  honorary  member,  Mr.  Oliver 
Heaviside,  showed  that  inductance  and  magnetic  permeance 
are  almost  identical  concepts,  that  the  inductance  of  a  coil 
is  equal  to  the  permeance  of  the  magnetic  path,  times  the 
square  of  the  ntmiber  of  turns.  Since  the  number  of  turns 
is  a  ntmief  ic,  the  physical  dimension  of  inductance  is  the  same 
as  that  of  magnetic  permeance. 

The  expression  for  a  magnetic  permeance  is  similar  to  that 
of  the  electrical  conductance.  The  permeance  of  a  uniform 
path  is  equal  to  the  permeabilty  of  the  medium  times  the  cross- 
section  of  the  path,  and  inversely  as  the  length  of  the  path.  If 
the  path  is  not  uniform  a  differential  expression  for  permeance 
must  be  properly  integrated  to  cover  the  whole  field.  What  I 
am  driving  at  is  that  computations  of  inductance  should  be  per- 
formed in  the  same  way  as  computations  of  the  permeance  or 
conductance  of  an  irregular  path,  that  is,  by  adding  the  per- 
meances of  the  individual  component  paths.  Most  authors 
including  these  authors,  compute  inductances  by  taking  ratios  of 
magnetomotive  forces  to  the  fluxes.  That  is  an  imnecessary 
complication. 

Suppose  you  had  an  irregular  resistance  to  figure  out,  you 
would  not  asstmie  certain  e.  m.  fs.  and  currents,  and  divide 
one  by  the  other,  you  would  use  a  formula  for  an  element  of 
resistance,  and  properly  make  a  stunmation  of  such  terms  for  an 
irregular  shape.  Why,  then,  is  it  necessary  in  a  paper  on  in- 
ductance always  to  use  the  ratio  of  ampere-turns  to  fluxe  ? 
If  you  will  glance  at  the  formulas  in  the  paper  you  will  find  every- 
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where  a  ratio  of  flux  to  ampere-turns.  Why  not  call  this  ratio 
the  permeance,  and  deal  with  permeances  entirely?  This 
procedure  has  been  followed  consistently  in  the  chapters  on 
inductance   in   my   book    entitled   "The   Magnetic   Circuit." 

I  notice  from  the  list  of  references  that  the  authors  are 
more  familiar  with  the  English  and  German  literature,  and 
have  apparently  neglected  the  French  contributions  to  the  sub- 
ject. While  they  give  credit  to  Rezelman,  through  a  transla- 
tion in  The  Electrician,  his  greater  work  on  leakage  reactance 
in  alternators  in  La  Lumiere  Electrique  is  not  mentioned.  Also 
there  is  no  reference  to  the  latest  contributions  by  Andr^ 
Blondel  on  the  armature  reaction  in  synchronous  machines. 
I  believe  the  paper  would  gain  if  more  use  had  been  made  of  the 
work  of  the  French  and  Belgian  investigators  on  the  subject. 

I  do  not  wish  to  detract  from  the  value  of  the  work  done  by 
the  authors  and  the  remarkable  frankness  with  which  the  results 
arejpresented,  including  the  test  data.  I  fully  appreciate  the 
importance^of  such  a  paper  for  practical  designers  and  students, 
and  my  only  plea  is  for  a  better  and  clearer  presentation  of  the 
subject.  We  are  swamped  with  new  reading  matter,  and  yet  a 
day  still  has  only  twenty-four  hours,  so  that  the  skill  in  presen- 
tation almost  determines  the  fate  of  a  paper,  that  is,  whether  it 
will  be  used  or  not.  If  it  is  not  properly  presented  so  that  it 
takes  too  long  to  get  the  meat  out  of  it,  many  people  will  not 
take  the  trouble  to  refer  to  it. 

F.  D.  Newbury:  Before  we  can  harmonize  various  methods 
of  calculating  reactance,  we  must  agree  upon  a  method  of  deter- 
mining reactance  by  test;  we  must  define  the  quantity  we  are 
attempting  to  calculate. 

In  the  alternator,  there  are  two  fluxes  that  are  set  up  by  the 
armature  ctirrent  and  the  difiiculty  and  confusion  in  this  matter 
arises  from  the  difficulty  in  separating  one  of  these  fluxes  from 
the  other.  One  produces  armature  reaction  and  the  other  pro- 
duces armature  reactance. 

When  the  alternator  is  operated  at  synchronous  speed,  on 
short  circuit,  and  rated  current  circulates  through  the  armature, 
the  value  of  field  ampere  turns  is  a  measure  of  the  m.  m.  f. 
necessary  to  produce  both  of  these  fluxes. 

The  flux  of  armature  reaction  is  that  part  of  the  flux  set  up 
by  the  armature  ciurent  that  combines  with  the  field  winding 
flux  to  produce  the  effective  or  resultant  exciting  flux;  the  flux 
of  armature  reactance  is  that  part  of  the  armature  flux  that  is 
more  or  less  completely  localized  about  the  armature  winding, 
and  that,  by  its  self-inducing  effect,  produces  a  voltage  of  self- 
induction  in  the  armature  winding  that  combines  with  the  main 
induced  voltage  to  produce  the  terminal  voltage.  Thus  armature 
reaction  may  be  conveniently  treated  as  a  flux  phenomenon, 
as  its  action  does  not  progress  beyond  the  flux  stage;  following 
the  same  thought,  the  armature  reactance  may  be  considered 
as  a  voltage  phenomenon.     The  effect  of  armature  reaction 
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on  the  total  m.  m.  f.  required  for  a  given  voltage  and  current 
condition  is  the  same  at  zero  voltage,  normal  voltage,  or  any  other 
terminal  voltage;  the  effect  of  armature  reactance  on  the  total 
m.  m.  f.,  on  the  contrary,  varies  considerably  with  the  terminal 
voltage  because  it  appears  as  a  voltage  and  the  m.  m.  f .  to  gen- 
erate a  certain  additional  voltage  at  low  terminal  voltages  is  very 
much  less  than  the  m.  m.  f .  required  to  generate  the  same  addi- 
tion^ voltage  at  a  high  terminal  voltage,  because  of  magnetic 
sattiration. 

This  distinction  is  important  because  it  leads  to  a  fairly  satis- 
factory method  of  separating  these  two  parts  of  the  armature 
flux.  I  refer  to  the  graphical  method  based  on  the  no-load 
saturation  curve  and  saturation  curve  at  zero-power  factor 
and  full-load  current.  This  method,  I  believe,  was  first  called 
to  the  attention  of  the  Institute  some  fifteen  years  ago  by  Mr. 
B.  A.  Behrend.  In  my  experience,  it  gives  consistent  results 
for  a  wide  range  of  machines.  It  has  the  advantage  that  it  is 
obtained  by  test  under  fltix  and  voltage  conditions  very  nearly 
approaching  those  existing  during  normal  operation.  This 
cannot  be  said  when  the  separation  is  based  entirely  on  the  short- 
circuit  current  at  zero  terminal  voltage  which  is  the  method 
used  by  the  authors.  The  authors  calculate  the  armature  reac- 
tion, which  is  the  larger  of  the  two  parts,  and  subtract  it  from 
a  test  value,  representing  the  total  armature  flux.  This 
test  method  is  in  reality  a  calculated  method,  because  an 
error  of,  say  five  per  cent  in  the  calculation  of  the  armature 
reaction  flux,  may  result  in  an  error  of  20  to  40  per  cent  in  the 
reactance  voltage.  The  graphical  method  referred  to  above 
also  involves  a  calculated  correction  but  a  given  error  in  this 
has  a  much  smaller  effect  on  the  result  than  does  the  same  per- 
centage error  in  the  calculated  part  in  the  authors*  method. 

Mr.  Fechheimer  referred,  in  his  communication,  to  various 
methods  of  obtaining  the  reactance  by  test.  Each  of  these  meth- 
ods involves  different  conditions,  and  no  two  methods  really  give 
the  same  quantity.  The  first  difficulty  in  this  problem,  and  the 
main  difficulty,  I  feel,  is  that  we  have  not  agreed  on  a  method 
of  test  for  reactance.  We  have  not  agreed  on  the  fundamental 
definition  of  the  quantity  we  propose  to  calculate.  If  we  can 
take  that  step,  I  think  it  is  a  fairly  easy  matter  to  obtain  meth- 
ods of  calculating  reactance  that  will  check  with  such  test 
results.  It  may  not  be  possible  to  obtain  a  general  formula 
such  as  the  authors  have  tried  to  do,  that  will  hold  for  all  ma- 
chines of  all  proportions,  but  it  is  not  a  difficult  matter  to  make 
up  a  more  or  less  empirical  formula  for  a  given  line  of  machines 
which  will  check  with  test  results. 

As  an  example  of  results  from  the  use  of  some  of  the  methods 
cited  by  Mr.  Fechheimer,  I  give  the  test  results  of  a  4600-kv-a., 
11, 000- volts,  single-phase,  25-cycles,  600  rev.  per  min.  generator. 

Tests  were  made  at  4500  kv-a.,  single-phase,  and  at  7800  kv-a., 
three-phase: 
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At  At 

4500-kv-a.  7800-kv-a. 

1-phase.  S-phase. 

From  instantaneous  short-circuit  test, 

(by  oscillograph) 13%  10% 

From  no-load  and  zero  power  factor 

saturation  curves 13  11 

From  locked  saturation  test  (rotor 

at  rest) 16  12.6 

From  test  without  rotor  in  position  21  18 

This  machine  had  a  low  resistance  damper  winding  on  the 
rotor.  Prom  the  locked  saturation  test,  that  is,  with  the  rotor 
at  rest,  the  reactance  is  somewhat  higher  than  during  syn- 
chronous operation,  but  still  quite  close  to  it.  This  is  reasonable, 
because  although  the  rotor  is  at  rest,  the  low  resistance  damper 
winding  practically  wipes  out  that  part  of  the  flux  corresponding 
to  armatiu-e  reaction  in  synchronous  operation,  so  that  there  is 
left  practically  the  same  flux  that,  in  synchronous  operation,  is 
responsible  for  armature  reactance.  The  same  agreement 
would  not  exist  if  the  generator  did  not  have  the  damper  winding. 
A  test  without  the  rotor  in  position  showed  the  reactance  to  be 
about  50  per  cent  greater,  or  21  per  cent.  This,  again,  is  reason- 
able, because  the  entire  flux  set  up  by  the  armature  winding 
is  effective  in  producing  reactance  voltage. 
^.The  second  part  of  the  pap«r,  referring  to  sudden  short- 
circuit  phenomena,  is  extremely  important,  in  a  practical  way. 
Reactance  of  alternator  windings  is  of  interest,  qtiantitatively, 
only  to  designers,  except  as  applied  to  sudden  short-circuit 
conditions.  In  this,  matter,  users  generally  are  interested  in 
the  value  of  reactance  since  it  largely  determines  the  value  of 
transient  currents  during  short  circuit. 

The  authors  state  that  the  total  reactance  effective  during 
sudden  short  circuit  •  is  considerably  greater  than  armature 
reactance,  this  difference  amounting  in  some  cases  to  50  per  cent 
of  the  armature  reactance.  The  authors'  method  of  obtaining 
armature  reactance  from  tests  is  so  open  to  question  that  this 
generalization  is  not  warranted.  In  my  own  experience  the 
armature  reactance  during  synchronous  operation  (obtained 
from  no-load  and  full-load  saturation  curves)  is  not  materially 
different  in  value  from  the  total  reactance  effective  during  sudden 
short  circuit.  This  does  not  mean  that  the  two  reactances 
are  identical;  it  only  means  that  in  the  total  reactance  (effective 
during  short  circuit)  the  increase  in  reactance  due  to  the  field 
ha^  been  neutralized  by  some  other  action.  What  this  complete 
action  i§,  we  don't  know.  The  fact  remains  that  in  short- 
circuit  tests  made  on  generators  varying  from  4000  to  20,000 
kv-a.  in  rating,  with  a  wide  range  in  speed,  and  with  laminated 
and  solid  rotors,  with  and  without  damper  windings,  the  tested 
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sustained  armature  reactance  has  practically  the  same  value 
as  the  total  reactance  obtained  from  short-circuit  oscillograms. 
Here  again,  the  difference  in  test  results  and  conclusions  may  be 
due  to  differences  and  errors  in  determining  the  true  armature 
reactance  and  agreement  can  hardly  be  expected  tmtil  this 
question  of  test  method  is  settled. 

W.  P.  Dawson:  Mr.  Newbury  raised  the  point  of  the  dis- 
crepancies between  the  figures  shown  by  Messrs.  Doherty  and 
Shirley  in  their  method,  and  his  own  method,  and  I  am  moved 
to  ask  if  he  has  considered  fully  the  question  of  end  coil  support, 
the  nature  of  the  material  that  supports  the  end  coil,  particu- 
larly in  ttirbo-altemators,  and  the  material  that  clamps  these 
coils?  I  know. personally  there  is  a  slightly  different  method 
right  within  the  General  Electric  Company's  works.  The 
Schenectady  engineers  employ  a  different  material  for  coil 
support,  and  rather  more  of  it  that  I  do  myself,  and  I  believe 
the  Westinghouse  support  is  different  again,  and  the  method 
of  clamping  the  coils  is  different.  There  certainly  must  be  a 
difference  in  reactance,  whether  it  is  transient  reactance  or  the 
steady  reactance,  that  effects  the  excitation,  due  to  these  several 
different  methods  of  support.  I  simply  offer  this  as  a  sug- 
gestion which  may  explain  the  discrepancy. 

V.  Karapetoff:  I  should  like  to  ask  the  authors  regarding 
Fig.  25a.  The  orthogonal  ruUngs  shown  there  indicate  magnetic 
lines  of  force  and  equipotential  surfaces.  This  ruling  extends 
into  the  space  occupied  by  the  coils.  As  far  as  I  am  aware, 
the  magnetic  flux  has  no  potential  in  the  space  occupied  by 
the  current,  and  I  do  not  quite  see  how  equipotential  surfaces 
could  consistently  be  continued  into  the  space  occupied  by  the 
coils. 

In  the  simplest  case  of  a  circular  conductor  the  magnetic 
lines  of  force  are  concentric  circles  surrounding  the  conductor, 
and  the  flux  inside  the  conductor  also  consists  of  concentric 
circles.  The  equipotential  siu^aces  outside  the  conductor  are 
radial  planes,  but  these  planes  do  not  extend  inside  thet^onductor, 
because  there  the  difference  of  magnetic  potential  between  two 
points  depends  upon  the  path  selected.  I  therefore  feel  that 
it  might  be  better  to  omit  the  orthogonal  ruling  or  at  least  the 
eqtiipotential  lines,  within  the  space  occupied  by  the  coils, 
so  as  to  avoid  a  possible  criticism  on  this  point.  ^ 

Charles  L.  Fortescue:  Is  not  the  uncertainty  of  this  method 
due,  as  Mr.  Newbiu'y  says,  to  its  empirical  nattire?  If  we  con- 
sider the  dynamic  equations  of  a  system  like  this,  we  find  that 
we  have  a  set  of  three  or  more  linear  differential  equations  of 
the  first  order.  The  solution  of  such  a  system  of  equations 
depends  upon  another  differential  equation,  which  is  of  the  third 
or  fourth  order  according  to  the  number  of  equations.  That 
would  mean  that  the  actual  transient  solution  would  involve 
three  or  more  arbitrary  constants  and,  instead  of  one  reactance 
three  or  fotir  different  reactances  would  enter  into  the  transient 
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solution  in  a  manner  depending  on  the  conditions  of  the  initial 
short-circuit.  It  seems  to  me  therefore  that  it  would  be  very 
diflScult,  to  express  the  results  in  terms  of  a  single  compound  re- 
actance. We  would  find  possibly  that  the  value  of  the  effective 
reactance  would  depend  upon  at  what  point  on  the  voltage  wave 
the  short  circuit  took  place  and  that  the  solution  for  other  condi- 
tions, would  require  different  values  for  the  effective  reactance,  or, 
putting  it  another  way,  one  would  have  to  have  a  different  effec- 
tive reactance  for  each  short  circuit.  The  problem  is-  quite 
complicated,  and  as  I  said  before,  it  is  possible  that  the  empirical 
nature  of  this  reactance  accounts  for  the  fact  that  it  does  not 
check  up  under  all  conditions. 

H,  R.  Summerhayes:  This  question  of  reactance  is  exceed- 
ingly important,  not  only  from  the  standpoint  of  the  designing 
engineer  to  ascertain  what  the  machine  will  do  but  for  the  engi- 
neer working  on  the  system  who  wants  to  know  what  amount 
of  energy  is  released  when  a  short  circuit  occurs.  His  calcu- 
lations on  the  ruptvuing  capacity  of  switches,  the  strength 
of  transformers  the  installation  of  protective  reactance  and 
setting  of  relays  all  depend  on  the  short-circuit  values  of  the 
generator  for  different  time  intervals.  In  order  to  properly 
design  the  system  we  must  know  the  characteristics  of  the 
generator  and  this  work  of  the  authors  is  a  pains  taking  attempt 
to  outline  methods  of  obtaining  these  data. 

I  hope  that  the  paper  will  lead  to  a  discussion  among  the  engi- 
neers and  manufacturing  companies  which  will,  if  it  does  not 
bring  to  standardization  all  methods  of  calculation,  at  least 
cause  them  to  come  to  some  agreement  on  the  nomenclature,, 
so  that,  when  the  reactance  of  synchronous  machines  is  discussed 
engineers  will  talk  the  same  language  and  will  know  what  kind 
of  reactance  is  meant  and  what  factors  are  included.  This 
will  go  a  long  way  toward  the  correct  determination  of  the 
actual  and  comparative  values  for  different  machines. 

N,  S.  Diamant:  In  order  to  make  the  discussion  of  this 
paper  as  brief  and  as  definite  as  possible  let  me  start  by  making 
the  following  statements,  even  at  the  risk  of  seeming  to  be  a  little 
dogmatic: 

A.  The  writers  do  not  in  any  way  contradict  or  disprove 
any  theoretical  or  experimental  results  given  in  my  1915  paper 
on   sudden   short  circuits. 

B.  It  is  very  gratifying  that  they  corroborate  a  number 
of  points  brought  out  in  the  paper  referred  to  and  even  those 
which  they  think  they  contradict. 

C.  The  writers  are  laboring  under  the  serious  and  entirely 
false  impression  that  they  for  the  first  time  are  calling  attention 
to  a  fimdamental  fact  which  is  the  a,  b,  c,  of  sudden  short 
circuits  or  of  any  transient  phenomenon  for  that  matter.  It  was 
clearly  explained  by  Boucherot  in  1911  ;Jt  was  referred  to  by 
Berg  and  experimentally  illustrated  in  my  paper. 

D.  The  writers  are  using  in  their  paper,  as  published  at  pres- 
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ent,  a  terminology  entirely  different  from  that  of  other  writers 
and  mine,  and  for  some  reason  which  I  cannot  quite  understand, 
they  have  failed  to  ascribe  to  the  terms  self-inductance  the 
proper  or  at  least  a  possible  meaning  and  thus  were  led  first  to 
believe  that  they  disagree  with  me  in  certain  points,  when 
they  actually  do  not,  and  secondly  were  led  to  the  false  impres- 
sion stated  under  C. 

E.  The  writers  make  several  valuable  contributions:  (1) 
They  give  an  expression  for  calculating  the  armature  leakage 
reactance.  (2)  An  expression  for  calculating  the  leakage  react- 
ance of  the  field.  This  so  far  as  I  am  aware  is  new,  although  the 
leakage  of  the  field  in  "per  cent''  is  derived  and  used  by  de- 
signers. (3)  They  have  shown  how  unpractical  and  inefficient 
it  is  to  use  terms  in  a  loose  and  unscientific  fashion.  (4)  They 
have  shown  that  the  bibliography  they  give  at  the  end  of  their 
paper,  (to  which  it  would  be  well  to  add  Boucherot's  memoirs 
and  Douglas'  paper)  if  properly  studied  and  used,  would  have 
shortened  their  paper  considerably  and  made  it  more  useful. 
However,  the  mental' attitude  of  the  writers  towards  the  work 
of  others  does  not  seem  to  be  critical  and  aggressive  enough 
if  one  is  to  judge  from  their  statement — **A  bibliography  which 
may  be  of  historical  interest  is  included". 

Now  I  shall  proceed  to  prove  the  above  statements,  one  by 
one.  I  regret  that  with  reference  to  C  and  D  I  shall  have  to 
introduce  here  some  elementary  text-book  material,  as  follows : 

Definitions  op  Four  Kinds  op  Inductances  or  Reactances 
A  straight  thin  wire  carrying  ten  amperes  and  having  ^  lines 
set  up  around  it  will  have  a  self-inductance  L  equal  to  ^ 
abhenries.  In  case  of  a  solenoid,  etc.  exactly  the  same  defini- 
tion holds,  except  that  the  calculation  of  L  becomes  more 
complicated.  (See  Bulletin  Bureau  of  Standards,  Vol.  8,  No.  1, 
where  formulas  and  tables  are  given  for  the  calculation  of  L. 
For  experimental  measurement  of  L  see  Laws,  Eric  Gerard  and 
other  works  on  electrical  measurements.)  Now  instead  of  a 
single  isolated  coil  or  system  as  above  we  have  a  second  coil, 
mutually  inductively  related  to  the  first,  we  introduce  a  second 
concept — ^that  of  the  mutual  inductance  M.  M  is  defined  in 
any  text  in  physics  or  electrical  engineering  as  $i2c  Wa;  where^ 
*i2c  =  flux  per  abampere  (flowing  in  the  primary)  which  is 
common  to  both  coils  or  links  both  coils,  and  «2  =  number  of 
turns  in  secondary.  Similarly  if  we  reverse  the  role  of  the  coils 
and  send  10  amperes  through  coil  No.  2,  instead  of  No.  1  we  get 
M^ ^210^1  (  =  ^i2c»2  if  /i  is  constant).  For  calculation  and 
measurement  of  M  see  references  given  for  L. 

The  above  concepts  of  self-  and  mutual  inductance  are 
fundamental  and  absolutely  necessary  both  to  the  physicist 
and  engineer.  However,  the  former  seems  to  find  these  sufficient 
while  the  engineer  is  forced  to  introduce  two  more  concepts, 
namely  that  of  "leakage  inductance"  of  primary,  or  secondary 
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or  of  armature  or  of  field  etc.  and  that  of  "total  leakage  in- 
ductance reduced  to"  primary  or  to  secondary  or  to  armature, 
as  the  case  may  be.  '  Let  us  denote  these  by  a  and  X  respectively. 
Then  L  =  leakage  inductance  of  coil  No.  1  ==  «i  ^u  where  *u  is 
the  leakage  flux  of  coil  No.  1,  i.  e.  the  flux  that  interlinks  with 
coil  No.  1  only.     Thus  if  4>i  =  total  flux  set  up  by  10  amperes 
flowing  through  coil  No.  1  =  {^nc  +  *u  ).    we  have, 
Li     =  ni  *i  =  self-inductance  of  coil  No.  1 
a  I     =  ni  ^1/  =  leakage  inductance  of  coil  No.  1 
Jlf    =  nj  *i2c  =  mutual  inductance  of  coil  No.  1 
Similarly  if  we  reverse  the  role  of  the  two  coils  we  get, 
Li  =  »2  ^2  ==  self-inductance  of  coil  No.  2 
at  =  fii  ^ii  =  leakage  inductance  of  coil  No.  2 
M  =  fii  ^iie  —  mutual  inductance  of  coil  No.  2 
Prom  the  above  it  follows  directly  that, 

and  if  we  imagine  the  leakage  of  No.  2  to  be  zero  and  charge 
all  the  leakage  to  coil  No.  1  we  get 
M«=  (Li-  Xi)  L, 

Li—  -j-j  =  total   leakage   inductance    reduced    to 

coil  No.  1. 

Similarly  for  X2. 

Simple  Application  of  Above.  Consider  the  case  of  a  single 
coil  or  in  general  the  case  where  the  mutually  inductive  effect 
of  coil  No.  2  is  nil.  Then,  if  we  impress  an  alternating  e.  m.  f. 
of  frequency  /  across  coil  No.  1,  /i  =  current  in  coil  No.  1 
=  Ei/Zi  where  Zi*=  fi*  +  2  tt  /Li^.  This  of  course  refers  to 
permanent  conditions.  Under  transient  conditions,  with  either 
alternating  or  direct  current  we  will  find  that  the  rise  or  decay 
of  ctarrent  depends  upon  ai  =  attenuation  factor  of  coil  No.  1 
=    ri/Li. 

Next  let  us  take  the  case  where  M  ±.0,i.  e.  there  is  a  closed 
coil  No.  2,  mutually  inductively  related  to  No.  1.  If  we  impress 
the  same  e.  m.  f.  as  before,  we  shall  find  that  /i  =  current  in 
coil  No.  1  =  Ei/Zi  where  now  Zi*  is  equal  to  {ri^  +  2Tf  Xi*) 
and  not  (ri*  +  2  t  f  L^)  and  the  latter  may  be  5  or  10  or  20 
times  as  large  as  the  former.  Furthermore  ai  =  attenuation 
factor  of  coil  No.  1  =  ri/Xi  and  not  ri/Li  as  before.  Thus 
as  we  all  know,  from  our  study  of  a  choke  coil  and  transformer, 
it  makes  all  the  difference  in  the  world  whether  there  is  a  second- 
ary coil  affecting  the  primary  coil  or  not.  At  this  point  let 
me  call  attention  to:  First,  that  the  matter  is  simplified  like 
this,  if  the  secondary  resistance  is  negligible;  and  secondly, 
that  though  I  have  used  the  general  terms  coil  No.  1  and  No.  2 
the  above  apply  to  any  system  be  it  primary  and  secondary  or 
field  and  armature  or  rotor  and  stator,  etc. 

In  my  papers  I  have  used  the  above  terminology  and  I  propose 
to  do  the  same  in  this  discussion,  and  for  sake  of  consistency 
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in  quoting  from  Doherty's  and  Shirley's  paper  I  shall  call  the 
leakage  inductance,  leakage  inductance  and  not  self-inductance. 
It  is  true  that  with  our  typical  engineering  looseness  and  crude 
superficiality  some  authors  use  the  two  terms  as  synonymous, 
just  like  the  writers  do;  but  I  find  it  extremely  difl5cult  to 
explain  or  tmderstand  why  the  writers  failed  or  refused  to 
ascribe  to  the  term  self -inductance,  as  is  used  in  my  paper,  its 
usual  meaning  of  self-inductance,  at  least  sis  a  possible  interpre- 
tation. Instead  no  matter  how  clearly  I  expressed  myself  they 
have  taken  self-inductance  to  mean  leakage  inductance,  or 
something  akin  to  it. 

With  reference  to  the  reactance  which  affects  sudden  short 
circuits,  they  state  that  "the  authors  will  show  that  this  re- 
actance includes  the  field  leakage  inductance  (writers  use  term, 
self-induction)  as  well  as  that  of  the  armature."  Unfortunately 
for  the  authors  this  has  been  shown  by  Boucherot  in  1911, 
who  discussed  the  matter,  in  a  very  much  more  thorough  and 
masterly  way  than  the  authors  have  done.  It  may  be  well 
to  call  attention  here  to  the  fact  that  my  discussion  of  L,  a,  M 
and  X  is  not  quite  as  thorough  as  Boucherot 's  who  gives  seven 
and  one-half  pages  to  this  question,  from  a  purely  theoretical 
point  of  view.  Those  interested  further  on  this  may  consult 
his  memoir.  However,  even  if  the  writers  did  not  consult 
Boucherot,  it  is  difficult  to  understand  why  they  overlooked  the 
following  statem.ents  in  my  paper  in  1915  Trans.,  page  2244: 
".  .  .  x/  is  not  the  self -inductive  reactance  of  the  field 
spools  but  the  total  leakage  reactance  of  the  field  and  armature. 
Similarly  ««  is  a  complicated  quantity  .  .  .  The  complex 
nature  of  these  quantities  has  been  recognized  by  several  in- 
vestigators such  as  Miles  Walker,  and  Berg  who  without  attempt- 
ing to  define  them  rigorously  (from  a  mathematical  point  of  view 
as  Boucherot  has  done)  has  called  them  the  equivalent  resistance 
and  reactance.  .  .  Others,  however,  have  apparently  failed 
to  understand  the  real  meaning  of  these  and  have  attempted 
either  to  simplify  them  too  much  ...  or  complicate  them 
unnecessarily.  .  ."  Following  these  remarks  I  described  ex- 
perimental methods  of  determining  ««  and  «/  from  the  rise  of 
direct  current  in  the  armature  and  field  respectively.  I  showed 
that  the  attenuation  factor  a/  obtained  with  the  secondary  or 
armature  open-circuited  and  at  rest  is  quite  different  from  the 
attenuation  obtained  with  the  armature  dead  short-short- 
circuited  and  the  machine  running  at  full  speed.  I  went  a  step 
further  and  shpwed  that  «/  obtained  from  the  rise  of  direct 
current  in  the  field  with  the  armature  running  at  full  speed  and 
short-cricuited  through  a  high  resistance  is  practically  the  same 
as  «/  obtained  with  the  armature  open-circuited  and  at  rest. 
Thus  I  illustrated  fully  the  effect  of  mutual  inductance  which 
may  be  negligible  even  with  the  secondary  closed.  Now  it  is 
clear  that  in  the  1st  and  3rd  cases,  above  «/  =  Tf/Lf)  while 
in  the  2nd  case  «/=  r//  X/.  I  called  attention  to  these  facts 
at  the  top  and  bottom  of  page  2246  Trans.  1915. 
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To  quote  from  page  2246  this  is  what  I  said:  in  this  case  we 
have  "the  important  difference  that  Xf  is  no  longer  the  true 
self-inductive  reactance  but  the  total  leakage  reactance  re- 
duced to  the  field  circuit"  I  fail  to  see  how  one  could  have 
expressed  the  facts  more  clearly.  Again  on  page  2247  it  is 
stated  that  "for  this  particular  machine,  .  .  .  the  ratio  of 
the  self  inductive  reactance  to  the  total  leakage  reactance 
reduced  to  the  field  is  about  three."  Immediately  following 
this,  I  state  that  ordinary  methods  of  calculating  Xf  from 
equation  (14) : 

y  ^^^.  abhenry,  or  more  accurately 

If  xU  * 

Nf^f 

y  ^/_.    (1  +  per  cent  leakage  of  poles)  (14) 

If  W  ' 

"utterly  fail  to  give  correct  results"  since  **it  is  the  attenuation 
factor  involving  the  leakage  reactance  that  enters  the  problem.'* 
All  the  above  quotations  occur  within  four  pages  of  each  other. 
However  in  spite  of  all  this,  the  writers  give  the  foregoing 
equation  and  tritmiphantly  state  that  in  the  field  attenuation 
factor,  the  inductance  is  not  as  Diamant  gives  the  exciting 
inductance  of  the  machine  .  .  .  but  rather  $^  Nf  /  /i  10"* 
where  €>*  is  the  flux,  linking  the  field  winding,  which  If  would 
produce  in  the  leakage  paths  of  both  field  and  armature."  It 
may  be  well  for  the  writers  to  compare  this  and  other  long 
clumsy  expressions  which  they  use — see  for  example  (6)  in 
their  statement  of  conclusions,  etc. — to  the  standard  brief  and 
clear  statement:  **  iV////10~^=  total  leakage  inductance 
reduced  to  the  field. 

On  page  1250  the  writers  make  the  following  statement: 
"The  authors  would  make  it  clear  at  this  point  that  they  are 
not  in  agreement  with  conception  given  in  Diamant's  paper 

.  .  ."  I  trust  that  it  is  clear  to  any  one  by  this  time  that 
the  authors  really  do  not  disagree  with  any  of  my  conceptions — 
at  least  I  agree  with  theirs  although  I  am  inclined  to  think  that 
they  are  not  practical  and  scientific  enough  either  in  expressing 
their  ideas  or  using  the  proper  terms.  I  shall  take  up  these 
points  again  later,  but  right  here,  let  me  illustrate  the  truth  of 
my  statements:  They  begin  by  stating  clearly  that  they  do  not 
agree  with  the  conception  given  in  my  paper  and  to  prove  this 
they  quote  from  my  paper  that  the  alternating  component  "is 
equal  to  the  maximum  phase  voltage  divided  by  the  armature 
impedance,  with  good  approximation.''  Now  I  fail  to  see 
why  the  writers  use  such  poor  logic.  In  engineering  problems 
we  frame  a  more  or  less  ideal  theory  and  base  our  conceptions 
on  it;  but  in  practical  calculations  we  are  invariably  forced 
to  make  approximations  and  the  good  engineer  is  the  one  who 
can  make  good  approximations.  Thus  my  approximations  do 
not  necessarily  affect  my  conceptions. 
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However,  if  we  go  a  step  further  we  shall  find  the  extremely 
gratifying  fact  that  the  writers  are  entirely  in  agreement  with 
my  "good  approximation*'  which  I  found  to  be  true  for  1  or  2 
machines  and  theoretically  sound;  while,  they  have  found  them 
to  be  true  from  extensive  tests  on  a  great  many  machines. 
Within  one-half  page  from  where  they  say  that  they  do  not  agree 
with  me,  they  state  that  in  case  of  machines  with  solid  steel 
rotors  or  alternators  equipped  with  low  resistance  amortisseur 
windings  "the  armature  leakage  inductance  is  a  reasonably 
accurate  measure  of  the  sudden  short-circuit  current. "  Further- 
more they  not  only  thus  corroborate  my  approximation  but 
"propose  its  use  for  at  least  the  present.**  See  also  (b)  and 
(c)  page  1281.  In  connection  with  this  the  writers  deserve 
credit  for  determing  that  this  approximation  is  allowable  for 
machines  with  low  resistance  amortisseur  windings  only,  as 
was  the  case  with  the  machine  I  used,  as  stated  in  my  paper. 

In  1915  I  called  attention  to  the  fact  that  single-phase  sudden 
short  circuits  are  quite  complicated  and  that  in  case  of  a  short 
circuit  between  neutral  and  line  the  armature  current,  for  a 
given  set  of  conditions,  is  about  140  or  150  per  cent  higher  than 
in  case  of  three-phase  or  line  to  line  short  circuit.  Further 
I  urged  care  in  such  cases  and  state  clearly  whether  by  single- 
phase  short  circuit  reference  is  made  to  a  short  circuit  between 
line  and  line,  or  line  and  neutral. 

It  is  very  gratifying  that  from  extensive  tests  the  writers 
corroborate  both  of  my  results,  namely,  that  for  a  given  set  of 
conditions,  three-phase  or  line  to  line  short  circuits  give  about 
the  same  rush  of  current;  but  short  circuit  between  line  and 
neutral  is  more  serious.  They  offer  an  explanation  for  the  latter 
on  the  basis  that  with  three-phase  currents  flowing  in  the  arma- 
ture the  leakage  inductance  is  increased  50  per  cent  on  account 
of  the  mutual  inductance  between  phases.  (See  their  paper 
bottom  page  1262  and  top  of  1263.)  Reprints  of  the  paper  were 
available  so  late  that  I  have  been  unable  to  check  this  explana- 
tion. However,  I  would  ask  the  authors  to  explain  on  the  same 
basis  why  there  seems  to  be  practically  no  difference  between  a 
three-phase  and  line  to  line  sudden  short  circuit. 

I  called  attention  in  1915  to  the  fact  that «/,  when  determined, 
either  directly  from  oscillographic  records  according  to  methods 
developed  on  pages  2260-2264  or  when  obtained  experimentally 
from  the  rise  of  direct  current  in  the  field  with  the  armature 
dead  short-circuited  and  running  at  full  speed,  comes  out  larger 
for  the  fiirst  cycle  or  so  of  the  transient  than  for  subsequent  ones. 
I  gave  an  explanation  of  this  on  page  2262  and  it  is  gratifying 
that  the  writers  not  only  corroborate  this  fact  but  agree  with  me 
that  until  we  know  more  about  the  subject  it  is  well  to  use  the 
lower  and  safer  value. 

On  page  1255  they  state  that  "it  may  not  have  been  so  clear 
how  and  to  what  extent  the  field  leakage  inductance  aflfects  the 
short-circuit  ciurent.**    As  I  have  already  shown  the  writers 
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are  simply  laboring  tinder  the  wrong  impression,  in  making  a 
statement  like  this  and  I  regret  to  say  that  their  attempt,  to 
show  that  the  quantity  to  be  used  is  the  total  leakage  inductance 
reduced  either  to  field  or  armature  is  rather  crude  and  superficial 
compared  to  the  explanation  of  Boucherot.  They  devote 
several  pages  to  this  (pages  1251  to  1259)  and  therefore  I  may 
be  justified  in  calling  attention  to  the  following.  On  page  1251 
they  give  the  important  law  that  "an  electric  circuit,  without 
resistance,  must  so  long  as  it  is  closed  contain  the  same  number 
of  magnetic  interlinkages.  Now  it  is  really  unnecessary  to 
make  the  ideal  asstmiption  of  a  circuit  without  resistance." 
Let  me  state  the  law,  which  as  they  say  is  very  important,  in 
a  clear  general  way  as  follows.  Let  the  flux  in  the  field,  or  any 
electric  circuit  in  general,  change  from  *i  to  *j  during  the 
transient  interval/;  then  the  e.  m.  f.  induced    by  this  change 

will    be .     This  transient  e.  m.  f .  will  produce  a  quantity 

of  electricity  Q=  i  X  t where  i  is  a  decajdng  direct  ciurent. 
As  I  pointed  out  in  a  recent  article  in  the  Electrical  World  this 
is  a  well  known  fimdamental  law  used  sometimes  in  electrical 
measurements  (see  Electrical  World,  May  18,  1918  page  1030, 
foot  note  15).  Let  us  apply  this  principle  to  the  alternator. 
During  sudden  short  circuit  the  flux  in  the  field  dies  down  from 
*/  to  */Me.  This  produces  a  decaying  direct  current  in  the  field 
which  in  turn  produces  the  decaying  alternating  component 
of  the  armature  current.  Again  if  for  any  given  armature 
phase  there  be  a  change  of  flux  from  ^«  to  ^aM$e  ;  this  will 
produce  a  decaying  direct  current  in  the  armature  etc. 

For  further  details  the  reader  may  consult  Boucherot  or 
the  1915  paper  of  mine  referred  to  by  the  writers  or  the  recent 
articles  in  the  Electrical  PTorW  of  May  18and  June  1.  Before 
leaving  this  subject  which  has  been  well  thrashed  out  in  the 
above  references  let  me  call  attention  to  the  fact  that  the  writers 
should  be  careful  not  to  confuse  the  explanation  of  sudden 
short  circuits  based  on  the  flux  per  phase  or  m.  m.  f.  per  phase 
and  another  possible  explanation  based  on  the  total  polyphase 
flux  or  m.  m.  f.  of  the  armature  circuit.  The  latter  explanation 
is  given  in  a  short  article,  illustrated  by  oscillograms,  in  the 
Electrical  World,  Dec.  29,  1917,  page  1251  and  it  is  not  necessary 
to  go  into  it  here. 

Another  point  that  I  must  mention  in  this  connection  is  this. 
The  statement  of  the  writers  on  page  1275  that  **the  alternating 
component,  .  .  .  depends  upon  the  flux  per  pole,  .  .  .  *' 
is  entirely  wrong.  So  is  the  next  statement,  that  the  "direct 
component  depends  upon  the  flux  linked  with  the  armature 
circuit."  As  I  have  just  explained,  and  as  required  by  the 
fundamental  law  given  on  page  1251  by  the  Vriters,  and  which 
I  have  endeavored  to  generalize,  the  alternating  and  direct 
components  depend  upon  the  difference  between  normal  and 
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sustained  short-ciroiit  fluxes  (^/  —*/«•«)  and  (^«  —  ^«*,c)  and  not 
upon  the  flux  per  pole  or  the  armature  circuit  as  the  writers 
state.  This  is  a  very  fundamental  point  and  there  is  little  use 
for  the  writers  to  take  several  pages  to  explain  things  in  a  crude 
fashion,  compared  to  Boucherot*s  explanation  or  the  one  given 
by  me  in  the  references  already  mentioned,  and  then  come  back 
and  state  that  the  direct  component  depends  upon  the  flux 
linked  with  the  armature  circuit.  No,  first  it  depends  not 
upon  the  flux  but  the  difference  in  flux  at  the  instant  of  the 
sudden  short  circuit  and  at  the  end  of  same;  secondly,  it  depends 
upon  the  difference  in  flux  at  the  start  and  end  of  sudden  short 
circuit  linking  with  the  phase  we  are  considering  and  not  linking 
with  the  armature  circuit. 

Ftirthermore  it  seems  to  me  that  their  statement  that  the 
direct  component  depends  upon  the  terminal  voltage  is  wrong. 
I  think,  it  should  be  internal  voltage  due  to  the  resultant  flux. 

There  are  other  points  in  connection  with  appendix  A  and  the 
factor  K(^,  etc.,  that  I  would  like  to  discuss,  but  as  I  have  taken 
enough  time  I  shall  leave  those  to  others.  However,  as  I  am 
anxious  to  see  some  good  come  out  of  this  discussion,  I  will  make 
the  following  definite  proposals. 

(1)  That  the  qiudifying  adjectives  sudden  and  sustained  or 
permanent,  etc.,  be  used  to  qtialify  the  kind  of  short  circuit  implied 
whenever  there  is  room  for  ambiguity.  Otherwise  the  shorter 
term  short-circuit  be  used. 

(2)  That  the  terms  leakage  inductance  and  leakage  reactance 
be  exclusively  used  in  referring  to  these  quantities. 

(3)  That  the  term  self -inductance  or  self -inductive  reactance 
never  be  used  to  mean  leakage  inductance  or  leakage  reactance. 
This  is  tmscientific  and  impractical,  since  no  term  is  left  to  be  used 
to  refer  to  "sdf -induction.''  Furthermore  the  word  leakage  is 
50  per  cent  shorter  than  self-inductive  and  tells  us  the  whole 
sto^. 

(4)  The  term  self -inductance  be  reserved  to  refer  to  what  is 
sometimes  called  coeflident  of  self-induction.  This  is  the  universal 
term  used  consistently  by  physicists,  writers  on  electrical  measure- 
ments etc.  etc. 

(5)  In  conformity  with  transformer  practise  the  sum  of  leakage 
reactances  of  two  systems,  be  referred  to  total  leakage  inductance 
reduced  to  primary,  or  armattu^  etc,  as  the  case  may  be. 

(6)  If  desired,  the  term  inductance  or  reactance  be  referred  to 
any  of  the  above  when  there  is  no  danger  of  ambiguity. 

(7)  According  to  the  above  it  is  the  only  common  sense  and 
practical  scientific  procedtu^  not  to  introduce  any  terms  like 
''transient  reactance,"  ^'exciting  reactance"  etc.  The  Xpo  of  the 
author's  is  simply  the  leakage  reactance  of  the  armature;  the 
quantity  that  one  would  use  in  calculating  regulation  etc.  x  V  ^ 
simply  the  leakage  reactance  of  the  field.  Xpf  (see  equation  (4) 
page  1259)  is  simply  the  leakage  reactance  of  the  field  reduced  to 
the  armature,  and  it  is  extremely  interesting  to  note  the  way  the 
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writers  express  this  on  page  1259.  They  say,  "the  effective  field 
self-induction  or  field  reactance,  Xp/,  expressed  as  per  cent  reactance 
in  the  same  terms  as  the  per  cent  annattire  self-inductive  re- 
actance." Why  not  say  Xpf  is  the  "leakage  reactance  of  the  field 
reduced  to  the  armature?"  This  is  very  much  more  simple  and 
familiar,  since  we  have  the  same  thing  in  connection  with  the 
transfonner.  The  writers,  however,  do  not  stop  here,  they  take 
the  sum  of  the  leakage  reactance  of  the  armature  and  leakage 
reactance  of  the  field=  x^a  +  Xp/  =  xo  and  they  give  to  this  a 
new  impressive,  misleading  name  of  "transient  reactance."  I 
say  misleading  because  I  wonder  how  many  engineers  suspected 
that  this  wonderful  "transient  reactance"  is  nothing  but  the 
"total  leakage  reactance  reduced  to  the  armature." 

It  is  well  to  note  here  that  the  writers  in  introducing  this  short 
term  did  not  even  attempt  to  explain  its  real  meaning  or  give  any 
reasons  for  introducing  such  a  term.  I  am  afraid  they  are  thus 
preparing  the  grotmd  for  ftuther  lumecessary  complications  and 
misimderstandings;  these  are  very  common  and  annoying  in 
practise  and  there  are  cases  in  which  they  cost  quite  a  good  d^  of 
money  and  trouble.  The  point  I  wish  to  make  is  that  the  loose 
imsdentific  terminology  of  the  writers  or  any  engineer  is  not  an 
academic  question  but  an  extremely  practical  one. 

Thus  why  not  call  xo,  the  total  leakage  reactance  reduced  to 
armature — ^because  that  is  what  it  is.  The  length  of  the  term 
will  not  cause  half  as  much  trouble  as  misunderstandings  in  dis- 
cussions, letters,  contracts  and  specifications  etc.,  etc.  Further- 
more if  it  is  necessary  to  have  a  short  term  why  not  call  it  "eqtriva- 
lent  reactance"  this  I  believe  is  used  in  transformer  practise  in 
referring  to  (xpnmary  +  «*  Xaec-)  and  we  ought  to  try  and  keep 
our  electrical  engineering  theory,  practise,  terminology  etc.  as  a 
single  unit  rather  than  narrow  so  much  that  those  who  specialize 
in  alternators,  transformers,  electrical  measurements  etc.  etc. 
should  develop  theories  and  terminologies  without  due  regard  to 
the  needs  of  their  fellow  workers.  Personally  I  care  very  little 
what  the  outcome  of  the  above  may  be,  but  I  am  inclined  to  think 
that  it  is  to  the  best  interests  of  the  profession  to  standardize 
things  in  some  such  way  as  given  above  and  not  introduce  any 
unnecessary  weird  soimding  impressive  terms. 

In  conclusion  I  would  like  to  ask  the  opinion  of  the  authors  as 
to  the  results  of  a  paper  which  was  presented  at  the  Pittsburgh 
meeting  of  the  A.  I.  E.  E.  by  Douglas.  This  paper,  represented 
what  seemed  to  be  fairly  exhaustive  work  carried  on  at  Cornell 
on  the  question  of  reluctance  and  leakage  reactance  of  machines. 
It  gave  flux  distribution  figures  similar  to  24a,  24b,  etc.  and  checked 
these  experimentally.  It  stated  clearly  that  present  day  formulas 
for  calculation  of  field  leakage,  etc.  are  very  inaccurate.  I  hope 
this  paper  was  of  more  than  "historical  interest"  and  I  am  inter- 
ested to  know  what  the  writers  think  about  it. 

C.  M,  Laffoon  (communicated  after  adjournment) :  Additional 
refinements  in  the  methods  of  calculating  the  reactance  of  syn- 
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chronous  machines,  as  suggested  by  the  authors,  are  important  on 
account  of  the  inherent  relation  of  the  reactance  to  the  still  un- 
settled questions  of  field  excitation,  voltage  regulation,  and  gen- 
erator protection  imder  short-circuit  conditions.  Before  suc6 
refinements,  however,  can  be  applied,  and  the  results  generally 
■accepted  without  serious  confusion,  the  following  two  fundamental 
conditions  should  be  imiversally  agreed  upon  and  adopted; 

(a)  A  concise  interpretation  of  what  is  meant  by,  and  included 
in  the  term  armature  reactance  under  different  stable  and  trans- 
ient conditions;  and, 

(b)  A  standardized  reliable  test  method  for  checking  the  cal- 
culated values  of  armature  reactance  and  the  determination  of 
constants  of  reactance  formtila?. 

In  extending  the  refinements  to  the  calculation  of  the  reactance 
of  polyphase  synchronous  machines,  the  authors  are  justified  in 
raising  the  question  whether  or  not  a  portion  of  the  armature 
reactance  flux  of  each  phase  interlinks  part  of  the  conductors  of 
the  other  phases.  Obviously,  this  is  true  to  a  limited  extent, 
with  regard  to  the  end  connections,  in  which  the  reactance  is  pro- 
duced by  the  total  flux  interlinking  this  part  of  the  winding;  but 
for  the  leakage  flux,  which  crosses  the  slots  and  leaves  the  tooth- 
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tips,  it  is  not  so  apparent  that  there  is  mutual  reactance  effect 
between  the  different  phases.  On  poljrphase  synchronous  machines 
the  magnitude  of  the  mutual  inductance  effect,  if  any  exists,  of  the 
different  leakage  reactance  fluxes,  can  be  determined  analytically 
only  by  actually  laying  out  the  flux  diagrams  produced  by  all  of 
the  electric  circuits  acting  simultaneously  (taking  into  considera- 
tion the  difference  in  permeability  and  the  damping  currents  in 
the  iron  portions  of  the  magnetic  circuit)  and  combining  the 
different  fluxes  in  the  proper  space  relations  at  different  instants 
of  time.  This  is  an  extremely  difficult  task  to  accomplish  on 
account  of  the  varying  saturation  in  the  iron,  and  irregularity  or 
indefiniteness  of  the  flux  paths.  At  best  it  can  only  be  very 
roughly  approximated,  even  when  wide  sweeping  simplifying 
assumptions  are  made.  Since  the  authors  apparently  have  not 
followed  this  procedure  in  arriving  at  their  conclusions,  the  writer 
feels  that  they  have  neither  established  nor  justified  their  major 
premise  that  the  leakage  reactance  in  thr^phase  synchronous 
machines  is  increased  approximately  50  per  cent,  due  to  a  mutual 
leakage  inductance  effect,  while  in  two-phase  machines  it  is 
negligible. 

If  the  slot  leakage  flux  is  assumed,  to  act  independent  of  other 
flux  interlinking  the  coils,  it  is  evident  from  Fig.  2  that  the  flux 
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produced  by  the  current  in  a  given  phase  belt  will  not  cross  the 
slots  of  the  other  phases  from  a  to  c,  Cu  etc.,  tmless  there  is  an 
appreciable  m.  m.  f .  drop  from  a  to  b.  Then,  on  the  basis  of  the 
usual  asstunptions,  wherein  the  saturation  of  the  teeth  is  totally 
neglected,  there  would  be  no  m.  m.  f .  drop  from  a  to  &,  and  hence 
no  flux  from  a  to  c,  Ci,  etc.  But  in  actuality  there  must  be  more 
or  less  of  an  m.  m.  f.  drop  from  a  to  6,  due  to  the  other  flux,  which 
is  present,  and  hence  some  mutual  inductive  effect  must  exist. 
However,  the  increase  in  slot  reactance,  due  to  this  effect,  woidd 
in  all  probability  be  more  than  compensated  for  by  considering  the 
total  m.  m.  f.  of  each  phase  belt  acting  across  its  own  slots. 

The  extent  to  which  the  tooth-tip  leakage  flux  produces  a  muttial 
inductance  effect  upon  the  adjacent  phases  depends  upon  the 
path  that  it  is  constrained  to  take.  If  the  leakage  paths  were 
confined  to  an  air  circuit,  the  density  of  the  tooth-tip  leakage  flux 
would  diminish  very  rapidly,  (assimiing  as  before  that  tl^  flux 
is  free  to  act  independent  of  all  other  fluxes)  as  the  distance  from 
the  magnetic  center  of  the  phase  group  arotmd  the  armature  per- 
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iphery  increases,  and  consequently  the  mutual  leakage  flux  would 
be  small,  if  not  inappreciable.  However,  when  iron  is  in  the  pres- 
ence of  the  teeth,  the  path  of  the  tooth-tip  flux  is  dependent  on  the 
action  of  the  damping  currents  in  the  iron.  It  is  the  writer's 
opinion  that  the  authors  have  idealized  the  laminated  salient-pole 
rotor,  and  have  not  given  sufficient  consideration  to  the  damping 
action  of  the  eddy  currents  which  tmquestionably  circulate  in  the 
lamination  of  the  pole  faces,  rivets,  bolts,  etc.  The  cross-section 
of  the  tooth-tip  flux  path  must  be  more  or  less  restricted  and  con- 
fined to  the  air  gap  on  accoimt  of  the  damping  action  of  these 
currents.  This  in  turn  tends  to  minimize  the  mutual  effect  of 
this  part  of  the  leakage  flux.  The  authors  have  not  made  it 
dear  in  their  presentation  how  the  armature  current  can  force 
leakage  flux  across  the  air  gap  from  the  pole  face  to  the  teeth  of 
other  phases  when  the  same  m.  m.  f.  has  been  used  on  the  same 
path  as  a  coimter  m.  m.  f.  to  the  field  m.  m.  f. 

In  the  case  of  the  end  connections,  where  there  is  no  question 
concerning  the  existence  of  a  mutual  inductance  effect,  the  flux 
density  diagram  produced  by  each  phase  will  be  as  in  Fig.  3.  if 
the  following  radical  simplifying  assxunptions  are  made. 
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(a)  The  adjacent  iron  parts  of  the  machine  do  not  affect  the 
fitix  interlinking  the  end  connections; 

(b)  The  end  connections  are  rectangular  in  shape  and  very 
long; 

(c)  The  machine  has  only  one  slot  per  phase  per  pole;  and 

(d)  The  eqtiivalent  conductors  are  circular  in  section. 
Under  these  conditions,  it  can  readily  be  shown,  by  combining 

the  respective  flux  forms,  that  the  mutual  inductance  effect  could 
at  the  outset  amount  to  only  a  few  per  cent.  Moreover,  in  actual 
machines  the  percentage  of  mutual  inductance  effect  will  be  still 
further  reduced  on  account  of  the  fact  that  in  most  machines  with 
V-shaped  end  connections,  half  of  the  end  connectors  of  each  phase 
are  at  approximately  right  angles  to  one-half  of  the  end  connectors 
of  the  other  phases,  and  the  mutual  flux  interlinking  the  end  turns 
is  thereby  very  appreciably  reduced. 

At  all  events,  it  is  certainly  evident  from  the  above  that  the 
si>ace  distribution  of  the  leakage  flux  of  each  phase  is  not  sinusoidal 
and,  consequently,  in  three-phase  machines  there  is  not  a  simple 
rotating  field  of  leakage  flux,  as  in  the  case  of  the  work  flux  of  an 
induction  motor,  and  the  mutual  inductance  effect  in  no  wise 
amotmts  to  60  per  cent.  These  concltisions  are  practically  con- 
firmed by  test  results,  when  single-phase  and  polyphase  currents 
are  circulated  in  the  stator  with  the  rotor  in  and  removed,  as 
indicated  in  Mr.  Newbtiry's  discussion. 

The  argument,  advanced  by  the  authors,  that  the  mutual 
inductance  effect  must  be  50  per  cent  becatise  certain  formulas 
which  gave  good  results  on  three-phase  machines  gave  results 
approximately  60  per  cent  too  high  on  two-phase  machines,  is 
not  necessarily  conclusive,  for  the  fault  might  have  rested  else- 
where in  the  formula.  The  writer  has  used  certain  formulas  that 
did  not  consider  any  muttial  leakage  inductance  effect,  but  which 
checked  test  values  of  reactance  equally  well  on  both  two  and 
three-phase  machines. 

Even  if  it  is  asstraied  that  the  damping  currents  are  negligible, 
and  the  leakage  flux  is  free  to  enter  or  leave  the  pole  face,  the 
authors'  method  of  calculating  the  tooth-tip  leakage  flux  is 
not  fundamentally  soimd,  for  it  assumes  that  all  of  the  tooth-tip 
flux  passes  from  teeth  to  pole  face,  independent  of  the  ratio  of 
the  slot  width  to  the  air-gap  radial  length.  It  is  evident  that 
if  the  slot  is  wide,  compared  to  the  air  gap,  as  shown  in  Fig.  4  a 
most  of  the  tooth-tip  leakage  flux  would  cross  the  gap  and  then 
return  to  the  next  tooth.  However,  if  the  slot  width  is  narrow, 
compared  to  air-gap  width,  as  shown  in  Fig.  4b,  the  most  of 
the  tooth-tip  leakage  flux  will  not  enter  the  pole  face  at  all.* 
Since  in  actual  machines  the  ratio  of  slot  width  to  air  gap 
varies  through  fairly  wide  limits,  the  method  of  calculating  tooth- 
tip  leakage  must  consider  the  total  flux  that  leaves  the  tooth  tip. 
That  is,  it  should  include  the  flux  that  crosses  the  equipotential 

*This  argument  applies  particularly  to  machines  which  have  few  slots 
per  pole  per  phase. 
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section  ah-bc  (Pig.  5).  The  part  of  the  flux  that  enters  ab  can  be 
fotind  by  using  Carter's  pole  fringing  constant  for  different  ratios 
of  slot  width  to  air  gap;  the  part  that  crosses  be  is  more  diflScult 
to  determine.  In  determining  this  flux,  the  author  has  appar- 
ently used  Carter's  coefficient  for  slots  and  vent  ducts,  which 
is  based  on  the  assumption  that  the  tips  of  the  teeth  are  at  the 
same  magnetic  potential  and  that  there  is  no  tendency  for  the 
flux  to  pass  from  tooth  to  tooth.  This  is  evidently  incorrect, 
for  it  does  not  include  the  flux  crossing  section  be.  Table  I 
shows  the  values  of  reactance  as  calculated  by  the  authors' 
formula,  and  the  formulas  used  by  the  writer  for  machines  with 


m\i\ 


Fig.  4a 


Fig.  4b 


different  ratios  ot  slot  width  to  air  gap.  These  results  indicate 
that  in  the  case  of  machines  having  small  gap  and  wide  slots, 
the  calculated  values  of  reactance  obtained  by  the  two  formulas 
are  in  reasonably  close  agreement,  but  as  the  ratio  of  slot  width 
to  air  gap  decreases,  and  a  smaller  percentage  of  the  tooth-tip 
flux  crosses  the  gap  to  the  pole  face,  the  calctdated  values  of 
reactance  by  the  two  formulas  diverge  very  rapidly. 

In  this  connection,  the  writer  also  questions  the  advisability 
of  using  curves  which  are  based  on  the  ratio  of  the  maximum  to 
the  minimum  air  gap,  to  determine  constants  for  the  tooth-tip 
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leakage  formula.  In  the  first  place,  such  curves  could  only  be 
applicable  to  machines  having  a  given  pole-face  shape,  for  the 
maximum  and  minimtmi  gaps  have  little  or  no  relation  to  the 
variation  of  the  air  gap  in  the  intervening  space.  In  the  second 
place,  the  maximum  gap  is  not  a  definite  quantity  and  is  subject 
to  considerable  variation  in  interpretation  as  to  where  it  should 
be  measured.  At  least,  this  was  the  writer's  experience  in  at- 
tempting to  calculate  the  reactances  of  several  machines  by  the 
authors'  formulas.  The  most  natural  and  logical  place  to 
measure  the  maximtun  air  gap  would  be  along  the  path  that  the 
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no-load  fltix  is  asstuned  to  take.  It  is  true  that  in  laying  out 
the  no-load  flux  form,  it  does  not  make  a  great  deal  of  difference 
how  the  lines  are  assumed  to  pass,  so  long  as  a  consistent  policy 
is  followed.  But  in  the  determination  of  the  authors'  constants, 
it  makes  an  appreciable  difference,  for  a  small  per  cent  increase 
in  the  maximtmi  air  gap  may  mean  quite  a  large  variation  in  the 
ratio  of  n:iaximum  to  minimum  gap. 

Much  of  the  confusion  and  difference  of  opinion  concerning 
the  reactance  of  synchronous  machines  is  due,  as  has  been  pre-^ 
viously  suggested,  to  the  fact  that  there  is  no  standard  and 
accepted  method  for  determining  it  experimentally.  The  test 
method  used  by  the  author  is  in  reality  a  calculated  method, 
and,  as  such,  is  subject  to  serious  limitations,  for  the  armature 
reaction  forms  the  major  portion  of  the  measured  field  ampere- 
turns,  and  a  small  percentage  error  in  its  calculation  causes  a 
large  percentage  error  in  the  test  value  of  the  reactance. 

In  the  writer's  opinion,  the  most  satisfactory  experimental 
method,  at  present,  of  determining  the  reactance  is  from  the 
no-load  saturation  and  full-load  zero  power  factor  saturation 
test  curves,  used  in  connection  with  the  calculated  curve,  which 
shows  the  increase  of  ampere  turns  on  the  no-load  sattuution 
curve  due  to  the  full-load  leakage.  This  method  also  more 
nearly  approaches  the  actual  load  conditions  than  any  of  the 
others.  It  is  true  that  it  is  subject  to  limitations  in  that  (a) 
the  increase  due  to  full-load  leakage  curve  is  calculated  and 
subject  to  error,  and  (b)  the  reactance  is  probably  not  constant 
for  all  points  on  the  saturation  curve.  The  latter  is  not  felt 
to  be  a  serious  disturbing  limitation,  for  it  is  probably  of  the  same 
order  of  magnitude  as  the  errors  in  ordinary  commercial  tests. 
Granting  the  same  degree  of  accuracy  in  the  calculated  terms 
by  the  two  methods,  the  error  in  the  test  reactance  obtained 
from  the  above  method  wotild  be  considerably  less  than  that 
obtained  by  the  method  used  by  the  authors,  (as  has  been  pointed 
out  in  Mr.  Newbury's  discussion).  However,  in  most  cases 
of  saUent-pole  machines,  in  which  the  saturation  of  the  pole 
core  and  yoke  is  not  carried  too  high  and  the  percentage  field 
leakage  flux  is  not  too  large,  the  increase  in  the  no-load  satura- 
tion curve,  due  to  full-load  leakage,  can  be  calculated  with  a 
reasonable  degree  of  accuracy.  However,  the  method  of  obtain- 
ing it  is  apt  to  be  rather  long  and  tedious,  and  require  painstak- 
ing effort.  The  accuracy  of  the  calculated  curve  can  be  verified 
to  a  certain  extent  by  checking  the  no-load  and  full-load  zero 
power  factor  saturation  test  curves  by  the  same  method. 

In  coltunns  5,  6,  and  7  of  Table  I  are  tabulated  the  per  cent 
reactance  as  obtained  by  the  authors'  formula,  the  formula  used 
by  the  writer,  and  by  the  above  mentioned  experimental  method 
for  a  number  of  two  and  three-phase  laminated  salient-pole 
synchronous  machines  of  quite  a  wide  range  in  rating.  This 
comparison  indicates  that  there  is  a  very  close  agreement  be- 
tween the  results  obtained  by  the  method  used  by  the  writer 
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and  the  test  method  for  both  two  and  three-phase  machines, 
whereas,  as  was  previously  stated,  the  values  obtained  by  the 
authors'  method  check  the  test  results  reasonably  close  for 
machines  which  have  a  large  ratio  of  slot  width  to  air  gap,  but 
for  machines  with  a  small  ratio  of  slot  width  to  air  gap,  it  gives 
results  from  30  to  50  per  cent  too  low. 

It  is  becoming  more  generally  recognized  by  different  engineers 
that  the  maximtun  value  of  the  initial  current  delivered  by  an 
a-c.  generator  under  short  circuit  is  limited  by  a  reactance  more 
complex  than  the  armature  reactance  under  normal  balanced 
load  conditions.  For,  imder  short-circuit  conditions,  the  arma- 
ture reaction  pulsates  in  magnitude,  and  shifts  in  position  with 
respect  to  the  field  poles,  and  alternating  currents  are  induced 

TABLE  I. 


Machine 

Kv-a. 

Phase 

Slot    /Air 
width/  gap 

Per  cent  reacUnce 

Test 

to.  ft  s. 

XL 

i 

500 

3 

4.94 

20.6 

22.7 

23.1 

2 

175 

2 

4.67 

21.5 

22.75 

3 

1132 

2 

3.66 

18.5 

19.0 

♦4 

1250 

3 

3.4 

9.6 

10.9    -r 

5 

875 

3 

2.78 

13.6 

16.7 

16.5 

•6 

700 

3 

2.4 

13.6 

22.85 

7 

600 

3 

2.34 

10.2 

13.2 

8 

1132 

2 

1.92 

15.0 

14.1 

9 

1132 

2 

1.92 

17.7 

18.1 

10 

1250 

3 

1.62 

11.7 

15.7 

11 

3750 

3 

1.6 

9.36 

13.63 

13.25 

♦12 

560 

3 

1.067 

17.6 

26.0 

13 

12500 

3 

0.94 

13.2 

20.2 

19.3 

*The    design    data    on    machines  No.  4,  6  &  12  were  submitted  to  writer  by  Messrs. 
Doherty  &  Shirley. 
tThe  values  of  reactance  in  column  5  were  obtained  by  Doherty  ft  Shirley  formula. 
tThe  values  of  reactance  in  column  6  were  obtained  by  formula  used  by  writer. 

in  the  rotor  and  field  circuits.  The  magnetic  leakage  of  these 
circuits,  consequently,  produces  a  self-induction  which  must 
(after  multiplying  by  the  proper  ratio  of  transformation)  be 
added  to  the  armature  self-induction  in  order  to  give  the  short- 
circuit  or  transient  reactance,  just  as  in  a  transformer. 

The  authors,  in  treating  this  problem,  apparently  have  assumed 
that  the  armature  component  of  the  transient  reactance  is  the 
same  as  the  armature  reactance  under  normal  load  conditions, 
and  have  derived  their  reactance  formula  to  meet  this  condition. 
It  would  be  more  logical  to  consider  the  armature  reactance  imder 
stable  and  transient  conditions  as  different  phenomena,  and 
treat  each  case  separately. 

It  has  been  the  writer's  experience  that  the  calculated  value 
of  the  armature  reactance  does  not  happen  to  differ  widely  from 
the  value  of  the  transient  reactance  determined  from  short- 
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circuit  oscillograms.  Table  II  shows  the  calculated  value  of  the 
annature  reactance  and  the  transient  reactance  as  determined 
from  oscillographic  records  for  several  different  types  of  syn- 
chronous machines.  There  does  not  seem  to  be  any  very  definite 
relation  between  the  stator  reactance  under  load  and  the  transient 
reactance  for  different  classes  of  machines,  and  it  is  our  opinion 
that  it  is  more  or  less  of  a  coincidence.  However,  the  coinci- 
dence can  be  partially  explained  on  the  basis  as  suggested  above, 
that  the  armatiure  reactance  imder  short  circuit  is  not  the  same 
as  under  load ;  that  is,  the  value  of  the  armature  reactance  under 
short  circuit  is  decreased  by  an  amount  approximately  equal 
to  the  added  equivalent  field  reactance.  This  reduction  of  the 
armature  reactance  may  be  due  to  (a)  the  saturation  of  the  iron 
part  of  the  magnetic  circuit  of  the  leakage  paths,  and  (b)  the 

TABLE  II. 


' 

Ohms  reactance 

Number 
phases 

No. 

Machine. 

Kv^. 

Phase. 

short- 

CalcuUted. 

From  osc. 

circuited. 

Syn.     opera- 
tion. 

trans,     con- 
ditions. 

1 

Turbo-Alt. 

15800 

3 

1 

1.622 

1.572 

2 

«         « 

« 

« 

3 

1.622 

1.695 

3 

«         « 

ISOOO 

• 

M 

1.09 

1.11 

4 

m            m 

20000 

« 

1 

1.96 

1.87 

5 

u            « 

15000 

" 

3 

1.82 

1.61 

6 

Syn.  Cond. 

4500 

" 

u 

3.84 

3.87 

7 

m            m 

« 

m 

1 

3.28 

3.96 

8 

Alt.  Gen. 

12500 

« 

3 

1.22 

1.25 

9 

«            m 

M 

It 

u 

1.22 

1.28 

10 

Syn.  Cond. 

15000 

u 

m 

1.066 

1.064 

Note:  Machines  1  to  5,  inclusive,  are  of  solid  cylindrical  rotor  type;  the  remainder 
are  of  the  laminated  salient  pole  type;  6  7  ft  10  are  equipped  with  damping  windings. 

reduction  in  cross-section  of  the  leakage  flux  paths  by  the  damp- 
ing currents  in  the  field  poles  and  adjacent  iron  parts.  The 
writer  is  also  of  the  opinion  that  this  damping  action  is  not  con- 
fined to  solid  types  of  rotors,  but  exists  to  an  appreciable  extent 
in  laminated  salient-pole  machines.  However,  definite  quanti- 
tative conclusions,  regarding  the  effect  of  saturation  and  the 
damping  currents  on  the  armature  reactance  under  short- 
circuit  conditions,  cannot  be  given  until  more  complete  experi- 
mental data  are  available. 

R.  E.  Doherty:  If  there  is  a  single  characterizing  feature  of 
all  tlus  discussion,  it  is  disagreement.  The  authors  naturally 
expected  much  disagreement  on  a  subject  of  this  nature,  and  of 
course  were  not  disappointed  on  that  score.  They  were  disap- 
pointed, however,  at  the  nature  of  the  criticism.  While  some  of 
it  contains  constructive  suggestions,  much  of  it  is  purely  destruc- 


Digitized  by  VjOOQ IC 


1324  RE  A  CTA  NCE  [June  28 

tive.    It  says  the  method,  and  therefore  the  calctdated  result,  is 
wrong;  yet  it  does  not  show  how  to  make  it  right,  nor  does  it 
give  adequate  reasons  for  saying  the  method  is  wrong.     For 
instance,  Messrs.  Newbury,  Fechheimer  and  Laffoon,  who,  as 
designers,  are  in  possession  of  data  from  which  to  form  opinion, 
apparently  all  agree  that  the  method  of  calculation  is  funda- 
mentally wrong  because  they  believe  serious  factors  are  omitted; 
that  even  if  it  were  correct,  the  method  employed  to  arrive  at  the 
"test"  value  is  wrong,  because,  they  believe  armature  reaction 
can  not  be  calculated  with  sufficient  accuracy:    and  therefore 
agreement  of  "test"  and  calculated  results  could  not  be  of  much 
significance.     But  not  a  word  is  said  about  the  theoretical 
soundness  of  the  method,  given  in  Appendix  B  of  the  paper,  for 
more  accurate  calculation  of  armature  reaction,  taking  into 
account  the  influence  of  harmonics  in  the  flux  wave.     This 
influence  has  always  been  the  cause  of  the  greatest  uncertainty 
regarding  armature  reaction  calculations.     Neither  do  they  show 
any  way  of  including  the  factors  which  they  believe  we  have 
omitted.    They   are  therefore  urged  by  the  weight   of  that 
acknowledgment  to  suggest,  in  the  way  of  an  alternative,  the  old 
friend — the  expedient  of  having  different  formulas  and  different 
empirical  constants  for  different  lines  of  machines.     That  is, 
they  are  apparently  agreed  that  this  thing  which  we  are  tr3dng 
to  do  can  not  be  done.     Mr.  Fortescue  subscribes  heartily  to 
that  viewpoint,  giving  reasons  in  mathematical  terms  which  to 
those  even  moderately  versed  in  mathematics,  can  not  possibly 
have  much  significance,  and  which  to  others  seem  to  be  evidence 
of  a  more  thorough  knowledge  of  mathematics  than  of  alternators, 
inasmuch  as  he  fails  to  consider  that  **in  a  system  like  this"  the 
integration  constants  for  his  different  differential  equations  may 
turn  out  to  be  the  same  constants  for  all,  and  that  he  may  as 
well  have  had  one  equation.     This  is   not  the   first   instance 
where  a  voice  has  been  raised  that  "it  can  not  be  done",  when  at 
that  very  moment  it  was  being  done.     It  may  not  be  possible  to 
obtain  a  single  reactance  formula,  which  can  be  depended  upon 
in  practical  application  to  synchronous  machines  of  all  ranges  in 
speed,  voltage  and  capacity  now  being  manufacttired,  but  as 
evidence  that  it  might  be  possible,  we  submit  the  fact  that  one 
of  the  large  manufacturing  companies  has  actually  used  such  a 
formula  for  about  two  years,  and  the  predictions  based  on  those 
calculations  have  proved  to  be  dependable.     And  that  formula 
is  the  one  given  in  the  paper. 

That  sums  up  in  a  general  way  the  larger  and  more  serious 
objections  to  the  paper.  There  are,  of  course,  several  others 
which,  although  not  of  a  nature  to  determine  whether  the  results 
of  the  paper  shall  stand  or  fall,  are  yet  very  important.  These, 
as  well  as  the  individual  points  included  in  the  discussion  referred 
to  above,  will  now  be  taken  up  in  order. 

Prof.  Karapetoff  offers  a  number  of  criticisms.  First,  he 
contends  that  "field  self  induction"  ^nd  "field  reactance"  are 
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different  concepts,  and  therefore  the  authors  can  not  properly 
say  "field  self-induction  or  field  reactance.**  If  he  had  read  the 
next  line  of  the  same  sentence  he  would  have  seen  that  these 
terms  are  expressed  as  a  ratio,  i,  «.,  percentage,  and  therefore  are 
numerically  identical.  This  result  is  what  the  sentence  which 
he  criticizes,  refers  to. 

He  believes  next  that  the  Institute  should  demand  of  the 
author  a  list  of  symbols,  instead  of  allowing  him  to  define  them 
in  the  context,  and  thereby  increase  the  "readability.**  That 
may  be  worth  while,  but  there  are  obvious  advantages  and 
disadvantages  on  both  sides,  which  have  been  discussed  so  often 
we  shall  not  enter  it  here. 

Referring  to  Fig.  25  a,  he  asks  why  flux  and  equipotential 
lines  are  drawn  through  the  field  conductor,  since  he  understands 
that  the  flux  has  no  potential  in  space  occupied  by  current.  The 
paper  says:  "In  Fig.  25  b  the  paths  as  indicated  by  the  iron 
filings  can  not  be  traced  to  the  pole  body  on  account  of  the  field 
winding.  But  it  is  clear  from  the.  direction  at  the  edge  of  the 
field  winding  thgit  they  will  terminate  approximately  as  shown  in 
Fig.  25  A.**     Further  than  that,  we  can  not  answer. 

Prof.  Karapetoff *s  other  criticism  is  that  the  authors  are  guilty, 
with  many  other  authors,  of  expressing  inductance  as  a  ratio  of 
flux  to  ampere  turns,  instead  of  taking  simply  the  permeance. 
He  then  calls  attention  to  the  fact  that  the  permeance  idea  is 
followed  consistently  in  his  book  on  the  "Magnetic  Circuit." 
Our  supposition  is  that  because  most  of  us  were  started  off  in 
college  from  the  "interlinkages  per  ampere**  viewpoint,  we  are 
inclined  to  fall  back  upon  that  viewpoint  both  in  writing  and  in 
our  effort  to  understand  what  is  written.  In  order,  therefore, 
not  to  decrease  the  "readability"  of  the  paper,  the  authors  were 
less  interested  in  revolutionizing  peoples'  viewpoint  to  confirm 
to  Prof.  Karapetoff*s  book  than  in  helping  readers  understand 
the  problem  in  hand  by  using  terms  familiar  to  them. 

Messrs.  Newbury,  Laffoon  and  Fechheimer  have  raised  a 
fundamentally  important  question,  what  is  "the  quantity  we 
are  attempting  to  calculate.'*  Also  how  are  we  to  test  for  that 
quantity  in  the  actual  machine.  What  the  authors  consider  as 
the  "quantity,**  must  be  clear  to  any  one  who  has  studied  the 
paper.  They  were  not  aware  that  there  was  so  much  uncertainty 
regarding  what  particular  reactance  should  be  considered  in 
various  circumstances  of  operation.  Since  such  tmcertainty 
and  also  the  question  of  testing  do  exist,  these  should  be  cleared 
away  to  permit  some  approach  to  agreement. 

As  a  starting  point  toward  settling  what  armature  reactance 
means,  take  Mr.  Newbury's  ludd  explanation  regarding  armature 
reactance  and  armature  reaction.  We  will  take  up  transient 
reactance  later.  With  that  portion  of  his  discussion  (1st  four 
paragraphs)  covering  the  explanation,  we  are  in  entire  agreement, 
as  may  be  obvious  from  reading  the  paper.  Figs.  27  a  and 
27  B  show  oiu*  conception  of  the  fluxes  he  describes.     There  can 
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be  no  question,  therefore,  about  what  leakage  flux  is  involved 
when  we  say  armature  reactance.  Pechheimer's  discussion 
breaks  the  accord  at  this  point,  by  injecting  the  old  bogy  of 
harmonics  which  produce  distortion  and  upset  all  calculations; 
then  he  closes  by  admitting:  "that  the  distortion  is  very  much 
reduced  at  full  load,  zero  power  factor,  is  quite  evident."  Now 
in  order  to  compose  this  particular  difficulty,  let's  say  we  mean 
the  armature  reactance  which  exists  under  zero  power  factor 
condition — i.  e.,  armature  and  field  m.  m.  f's.  in  direct  opposition. 
Then  the  complication  of  distortion  is  eliminated,  and  we  can 
start  once  more.  If  it  happens,  as  actually  does  and  as  explained 
in  the  paper,  that  this  same  value  may  be  applied  in  regulation 
calculation,  etc.  under  watt  load  conditions  also,  that  is  another 
matter  which  has  no  direct  bearing  on  this  present  problem  of 
establishing  a  bench  mark  to  work  from.  Permit  us  to  say  with 
much  emphasis:  that  is  the  reactance  which  is  called  armature 
reactance  in  the  paper,  and  which  equation  (47)  in  Part  1  is 
intended  to  calculate.     It  is  the  calculated  value  listed  in  Table  I. 

Before  taking  up  the  difficulties  involved  in  testing  this  value 
consider  further  Mr.  Pechheimer's  discussion  regarding  the 
influence  of  the  harmonics  which  remain,  even  at  zero  power 
factor.  It  is  pointed  out  in  the  paper  that  the  salient-pole 
construction  causes  variation  in  reluctance  of  the  leakage  path, 
producing  principally  a  third  harmonic,  which,  with  other  third 
harmonics,  disappears  in  the  terminal  voltage  of  Y-connected 
machines  for  well  known  reasons.  There  are  other  higher  har- 
monics naturally  but  how  much  influence  do  they  exert  in  the 
reactance  or  impedance,  i,  e,,  in  detennining,  in  conjunction 
with  the  armature  reaction,  the  current  which  flows  under 
sustained  short  circuit,  where,  as  already  mentioned,  the  field 
and  armature  m.m.f's.  are  in  direct  opposition.  The  armature 
reactance  under  this  condition,  remember,  is  the  reactance  we 
are  concerned  with.  That  current,  as  Pechheimer  acknowledges, 
is  substantially  the  fundamental,  free  from  harmonics.  A 
glance  at  any  oscillogram  of  this  current  will  confirm  that. 
Whether  these  harmonics  are  damped  out  by  eddies  alone,  as 
he  suggests,  or  are  partly  suppressed  by  the  higher  reactance 
to  the  higher  harmonics,  matters  little.  The  simple  fact  is 
they  are  not  there.  If  we  want  to  know  what  determines  the 
current,  which  is  the  fundamental,  it  must  be  obvious  there- 
fore that  the  fundamental  of  the  reactive  voltage  is  the  factor 
we  are  after.  A  fifth  harmonic,  or  any  other  higher  harmonic, 
may  be  in  the  reactive  flux  or  voltage,  as  he  says,  but  what  if  it 
is?  If  we  were  studying  core  loss,  that  fact  might  concern  us, 
but  not  here. 

Take  up  now  the  several  methods  of  testing  reactance  which 
Mr.  Pechheimer  mentions.  This  is  important,  because  much  of 
the  disagreement  centers  on  the  test  method.  On  the  same 
machine,  Mr.  Newbiu-y  obtains  from  test  by  Mr.  Pechheimer's 
No .  2  method,  which  he  adopts,  a  value  of  armature  reactance 
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different  from  the  value  the  authors  obtain  by  No.  1  method, 
which  they  adopt.  Don't  misunderstand.  We  are  both  after 
the  same  thing.  The  question  is,  which  method  of  obtaining  it 
by  test  is  right.  As  we  see  it,  the  principle  in  each  method  is 
sound,  and  by  his  explanation  referred  to  above,  Mr.  Newbury 
agrees.  To  draw  the  issue  clearly,  Messrs.  Newbury  and 
Fechheimer  think  that  our  respective  **test*'  determinations  of 
armature  reactance  on  the  same  machine  do  not  check,  because 
they  believe  we  are  unable  to  calculate  armature  reaction 
accurately.  Hence  the  difference  between  that  wrong  armature 
reaction  and  the  test  value  of  field  m.  m.  f .  (synchronous  impe- 
dance A  T)  gives  the  wrong  reactance.  He  agrees,  however, 
that  that  difference,  properly  determined,  gives  armature  reac- 
tance. Our  only  answer  is  that  we  have  given  in  Appendix  B  a 
new  method  of  accurately  calculating  armature  reaction,  and  it 
seems  that  they  should  have  felt  obliged  to  show  why  that 
method  is  not  right.  To  simply  say  it  is  inaccurate  is  not  at  all 
convincing.  Not  a  word  was  said  about  the  method  in  Appendix 
B ;  not  a  word  as  to  why  armature  reaction  can  not  be  calculated. 
We  are  therefore  not  in  position  to  know  and  discuss  what  is  in 
their  minds. 

In  applying  No.  2  method,  which  Mr.  Newbury  recommends, 
one  meets  a  ntmiber  of  diffictilties.  It  involves,  first  a  graphical 
solution  in  which  a  cut-and-try  triangle  is  made  to  fit  in  at  all 
points  between  two  curves.  One  of  those  curves  is  calculated, 
and  involves  estimates  of  pole  leakage  and  also  estimates  of  how 
saturation  is  changed  by  having,  tmder  load,  more  flux  in  the  pole 
body,  but  practically  no  more  flux  in  the  armature  and  a  varying 
amount  of  increase  in  the  teeth.  Hence  that  calculated  curve 
must  rest  considerably  upon  judgment.  It  is  important  to  note 
that  the  same  objection  which  was  -raised  to  No.  1  method 
regarding  the  large  error  resulting  in  the  difference  of  two  large 
quantities,  from  a  small  error  in  one  of  the  large  ones,  applies 
equally  to  method  No.  2;  as  does  also  the  objection  that  one  of 
the  large  quantities  is  calculated.  It  is  our  opinion,  therefore, 
that  method  No.  1  involving  a  simple  subtraction  of  ampere 
turns  armature  (in  which  the  amperes  are  tested,  the  actual 
turns  are  known,  and  the  only  calculated  factor  is  ''effective" 
turns)  from  ampere  ttmis  field  (in  which  the  amperes  are  tested 
and  the  known  turns  are  100  per  cent  effective)  is  much  more 
reliable  than  No.  2  method  with  its  difficulties  mentioned  above; 
and  that  the  discrepancy,  mentioned  by  Messrs.  Newbury  and 
Laffoon,  between  their  test  determination  and  ours  is  due  to 
their  errors  in  applying  No.  2  method.  It  may  be  asked:  if  the 
"test"  value  of  armature  reactance  determined  in  error  by  No.  2* 
method  is  applied  in  excitation  and  regulation  calculations,  why 
will  not  these  calculations  also  be  in  error.  Simply  because  the 
steps  by  which  the  reactance  was  determined  from  load  excitation 
curves  are  retraced  in  load  excitation  calculations.  This  pur- 
suit and  follow  of  one's  self  about  a  circle  does  not  apply  to  the 
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use  of  No.  i  method.  Therefore,  assuming  that  armature 
reaction  calculations  are  even  approximately  correct,  then  it 
would  seem  that  to  obtain  a  value  from  test  with  which  to^com- 
pare  the  calculated  value,  No.  1  method  is  far  superior.  It  is 
acknowledged  that  no  method  yet  proposed,  which  is  based  on 
commercial  tests  of  saturation  curves  and  synchronous  impedance 
curves,  can  be  depended  upon,  for  reasons  already  mentioned,  to 
give  in-  every  case  the  armature  reactance  within,  say,  10  or  15 
per  cent.  This  may  mean  only  2  or  3  per  cent  error  in  the  tested 
curves.  If  that  error  is  more  serious,  as  sometimes  happens, 
then  the  reactance  error  goes  skyward.  The  error  in  reactance 
value  incident  to  test  error  applies  alike  to  both  methods  referred 
to.  Hence,  although  accurate  tests  of  course  eliminate  this  point, 
it  is  yet  true  that  where,  as  in  our  case,  the  experience  available 
involves  such  tests,  this  fact  must  be  weighed  in  the  interpreta- 
tion of  the  data.  This  has  important  bearing  upon  the  data  in 
Table  I,  which  I  shall  refer  to  later. 

Considering  further  Mr.  Fechheimer's  list  of  methods,  No.  3 
and  No.  4  give  nothing  but  the  impedance  of  the  stator  under 
those  test  conditions,  i.  e.,  with  rotor  out.  It  is  absurd  to  take 
this  as  the  armature  reactance,  since  obviously  the  latter  would  be 
different  in  the  same  stator  with  rotors  of  different  pole  propor- 
tions. Methods  5  and  6,  give,  as  did  3  and  4,  the  impedance  of 
the  machine  under  the  conditions  of  the  test,  i.  e„  with  stationary 
rotor,  where  any  given  phase  group  has  a  fixed  relation  to  the 
pole.  If  there  happens  to  be  a  secondary  winding,  i,  e.,  a 
squirrel-cage,  solid-rotor  or  short-circuiting  collars  on  the  poles, 
the  transformer  impedance  is  involved,  that  is  none  of  these  is 
the  armaiure  reactance  which  we  have  been  discussing.  This 
seems  too  obvious  for  comment.  Method  7  may  give  some 
interesting  results  of  the- synchronous  reactance  in  Mr.  Fech- 
heimer*s  investigation.  However,  it  is  probably  as  accurate  and 
infinitely  easier  to  read  the  synchronous  reactance  directly  from 
the  saturation  and  synchronous  impedance  curves. 

Method  8  gives  the  transient  reactance  accurately. 

Of  the  eight  methods,  therefore,  either  1  or  2  (if  2  is  correctly 
applied)  shoidd  be  used  for  obtaining  armature  reactance. 
Method  8  should  of  course,  be  taken  for  transient  reactance. 

Referring  to  Table  I,  Mr.  Fechheimer  urges  caution  in  adopting 
the  formula,  because  40  per  cent  of  the  machines  show  a  difference 
between  calculated  and  test  values  of  more  than  20  per  cent,  and 
points  out  two  others  in  which  the  difference  is  145  per  cent  and 
185  per  cent.  Please  bear  in  mind  these  two  facts:  In  that 
table  of  138  machines,  all  of  the  bad  ones,  as  well  as  all  of  the 
good  ones  are  there,  t.  e. ,  all  the  cards  are  on  the  table.  Secondly, 
the  "test"  values,  with  few  exceptions,  were  determined  from 
commercial  tests  of  saturation  and  synchronous  impedance,  in 
which  circimistance,  something  would  be  wrong,  as  already 
intimated,  if  all  machines  checked  within  10  or  15  per  cent, 
Many  of  those  tests  are  all  right;  others  may  be  off  by  2  or  3 
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per  cent  giving  10  or  15  per  cent  in  reactance;  others,  more.  It 
would  be  nice  to  have  138  different,  accurate  tests  to  compare 
with,  but  they  are  not  available.  We  are  obliged  to  accept  the 
commercial  test  records  for  the  mass  of  test  data.  Where  tests 
are  known  to  be  accurate,  no  radical  disagreement  in  results 
occurs:  But  we  submit  that  knowing  the  probable  error  that 
may  result  from  test,  and  noting  the  consistency  of  the  majority 
of  the  cases  of  widely  different  machine  characteristics,  in  falling 
in  line  with  calculations,  the  extreme  cases  mentioned,  as  well  as 
a  variation  of  20  per  cent  in  40  per  cent  of  the  cases,  are  to  be 
expected,  and  can  not  be  taken,  as  Mr.  Fechheimer  suggests,  as 
evidence  that  the  formula  is  wrong.  If  the  entire  table  is  studied 
with  these  points  in  mind,  I  think  it  must  be  granted  that  the 
agreement  is  most  encouraging.  If  the  table  contained  only  eight 
or  ten  machines  of  about  the  same  characteristics,  then  it  could 
not  be  offered  as  evidence  that  the  formtda  is  reliable.  But 
that  is  not  the  case.  There  are  138  of  them.  We  might  add 
that  during  the  seven  months  which  have  passed  since  the  paper 
was  written,  additional  data,  including  many  accurate  tests, 
have  been  obtained,  all  confirming  the  reliability  of  the  formiila. 
Referring  to  transient  reactance,  Mr.  Fechheimer  submits  an 
ingenius  example  to  show  that  saturation  >  prevents  the  field 
leakage  from  having  much  influence  in  limiting  the  initial  short- 
circuit  current,  and  says  also  that  eddy  currents  in  the  spider 
should  be  considered  as  to  their  influence  on  transient  reactance 
and  attenuation  factors.  Now  that  example  showing  the  tre- 
mendous increase  in  pole  density  at  short  circuit  is  most  interest- 
ing. We  agree  that  satiu-ation  would  certainly  be  a  "serious 
factor"  in  such  a  case.  But  Mr.  Fechheimer  is  confused.  It 
has  apparently  escaped  him  that  the  flux  in  the  pole  at  short 
circuit  is  roughly  what  it  was  before  short  circuit.  He  adds  the 
10  times  12  per  cent  leakage,  to  the  100  per  cent  normal  flux, 
giving  a  total  of  220  per  cent.  He  forgets  that  the  field  leakage 
can  not  possibly  be  more  than  a  fraction  of  the  original  100  per 
cent.  As  a  matter  of  fact,  the  only  difference  after  short  circuit 
is  that  part  of  the  100  per  cent  which  before  short  circuit  crossed 
the  air  gap  into  the  armature,  now  crosses  the  field  leakage  paths. 
The  rest  goes  through  the  armature  leakage  paths.  So  you  see 
he  has  accounted  for  220  per  cent  which,  if  it  were  not  for  satiu^- 
tion,  wotdd  cross  the  field  leakage  paths,  and  has  not  yet  men- 
tioned the  armature  paths,  which,  by  the  charitable  assumption 
that  the  field  leakage  is  50  per  cent  as  great  as  the  armature 
leakage,  and  that  the  ratio  of  effective  field  interlinkages  to  the 
product  of  field  turns  times  flux  is  about  '/s,  the  armature  paths 
would  absorb  '/s  times  440  per  cent  equals  about  300  per  cent 
more.  That  is,  5. 2  times  normal  flux,  which  of  cotu^e  is  absurd, 
since  it  means  manifold  increase  in  field  interlinkages.  To  have 
remembered  that  these  interlinkages  can  not  change  signifi- 
cantly at  short  circuit  would  surely  have  prevented  such  a  weird 
example.    A  study  of  Part  2  of  the  paper  will  clear  up  this  point. 
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A  glance  at  Table  II  may  save  discussion  about  the  influence  of 
saturation.  Short-circuit  tests  are  shown  at  different  voltages. 
It  will  be  noted  that  this  evidence  is  in  accord  with  conclusion 
(lOe)  given  at  the  end  of  Part  2. 

Regarding  the  effect  of  eddies  in  a  solid  rotor  rim  upon  tran- 
sient reactance  and  upon  the  attenuation  factors,  this  phase  of 
the  problem  was  considered,  as  mentioned  briefly  in  the  last 
paragraph  of  the  abstract  at  the  beginning  of  the  paper.  Speci- 
fic data  regarding  this  effect  was  not  ready  in  time  for  the 
original  copy  of  the  paper,  but  has  been  included  in  the  Trans- 
actions. 

In  speaking  of  transient  reactance  Mr.  Newbury  states  that 
in  his  experience  **the  armature  reactance  during  synchronous 
operation  (obtained  from  no-load  and  full-load  saturation  curves) 
is  not  materially  different  in  value  from  the  total  reactance 
effective  dtuing  sudden  short  circuit.*'  He  grants  that  they  may 
not  be  the  same  reactances,  and  explains  that  their  ntmierical 
equality  may  be  due  to  the  fact  that  whatever  increase  may 
occiu"  in  reactance  due  to  the  field  leakage,  is  offset  by  "some 
other  action."  From  what  we  have  said  in  previous  paragraphs, 
otu"  explanation  of  that  numerical  coincidence  is  due  less  to 
"some  other  action"  in  the  machine  than  to  the  fact  that  Mr. 
Newbury  draws  in  the  calculated  modification  of  no-load  satura- 
tion curve  too  near  the  no-load  curve.  It  is  a  hopeful  augury 
that  he  agrees  in  his  last  sentence  that  it  "may  be  due  to  dif- 
ference and  errors  in  determining  the  true  armature  reactance 
and  agreement  can  hardly  be  expected  until  this  question  of  test 
method  is  settled." 

It  is  very  important  to  note  at  this  point  that  from  an  exchange 
with  Mr.  Newbury  of  designs  and  test  data  for  the  purpose  of 
removing  all  question  regarding  application  of  the  formulas  and 
interpretation  of  tests,  calculations  by  equation  (47)  Part  1  and 
equations  (6)  and  (7)  Part  2  checked  the  tests  on  his  machines, 
as  shown  in  a  following  table,  in  connection  with  Mr.  Laffoon's 
discussion.  That  is,  the  formulas  apply  alike  to  machines  of 
different  manufacture,  when  the  calculated  result  is  referred  to 
a  "test"  value  which  the  formula  is  intended  to  calculate,  and 
not  to  some  other  "test"  value. 

Mr.  Dawson  suggests  that  the  difference  between  the  results 
given  in  the  verbal  discussion  by  Mr.  Newbury,  and  those  in  the 
paper  might  be  explained  by  different  practises  in  end-coil 
support.  I  think  we  have  made  clear  where  the  discrepancy 
lies.  I  remember  a  case  where  the  same  machine  was  tested 
first  with  steel-ring  end-coil  support,  and  then  with  brass  support. 
The  difference  in  reactance  could  not  be  detected.  This  was  a 
moderate  speed,  about  1000-kv-a.  machine,  and  the  steel  ring 
was  about  one  inch  (25.4  mm.)  square. 

Mr.  Laffoon's  comments  center  more  upon  the  details  of  theory 
underlying  the  reactance  formulas.  But  he  prefaces  those 
conmients   with   some   general   objections.     His   reference    to 
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definition  and  "standardized  reliable  test'*,  is  repetition  of 
Messrs.  Newbury  and  Fechheimer's  discussion  of  the  same 
points,  which  has  been  fully  answered. 

He  rather  more  fully  amplifies  their  viewpoint  regarding  the 
extremely  complicated  nature  of  the  problem.  He  believes  that 
the  problem  is  too  intricate  to  treat  analytically;  that  necessary 
flux  diagrams,  effect  of  eddy  currents,  change  in  permeability, 
indefiniteness  of  the  flux  paths  and  a  few  other  things  render 
the  calculation  hopeless.  To  take  account  of  all  these  factors 
in  an  equation  would  be  well  nigh  hopeless,  we  acknowledge. 
But  if  we  understand  the  problem  correctly,  there  is  an  important 
distinction  to  be  drawn  between  a  method  involving  a  possible 
error  of  10  per  cent  or  so  which  for  the  practical  purpose  for 
which  the  reactance  is  used,  is  negligible,  and  a  method  required 
to  include  all  factors  to  the  extent  of  reducing  the  possible  error 
to,  say,  1  per  cent.  It  is  somewhat  like  the  distinction  between 
the  method  of  a  house  carpenter  who  works  to  inches,  and  the 
factory  mechanic  who  works  to  thousandths  of  an  inch.  In  one 
the  relative  error  may  be  many  times  larger  than  in  the  other; 
but,  practically,  the}-  are  of  the  same  order.  Our  point  is  from 
our  understanding  of  the  problem  in  hand,  and  from  our  exper- 
ience, we  believe  that  practically  all  of  those  annoying  and 
confusing  factors  which  Mr.  Laffoon  refers  to,  are  trifling  and 
may  be  neglected  in  obtaining  a  practical  estimate  of  reactance 
from  the  design.  Where,  for  instance  a  factor  can  not  be 
neglected,  as  harmonics  in  armature  reaction,  we  have  taken  it 
into  account.  But  to  worry  about  most  of  the  things  he  men- 
tions is  unwarranted,  for  reasons  given  in  previous  comments. 

Regarding  slot  leakage  and  his  Fig.  2,  he  reasons  that  there 
will  be  slight  mutual  action  between  phases  due  to  saturation  of 
teeth,  then  decided  that  there  is  some  other  effect  that  compen- 
sates for  it.  That  is,  agrees  with  the  authors  that  there  isn't 
any  mutual  effect  of  slot  leakage. 

Now  as  to  the  mutual  induction  of  the  end  connections  and 
tooth-tip  leakage.  Mr.  Laffoon  shows  why  in  the  case  of  the 
end  connections  the  mutual  effect  could  amount  to  '*only  a  few 
per  cent:*'  then  shows  that  it  would  have  to  be  less  than  that. 
Perhaps  the  shortest  answer  to  his  logic  is  that  if  exploring  coils 
are  put  on  the  end  connections  following  around  the  V-ends  of  a 
phase  group,  and  then  from  an  exterior  source,  the  same  current 
is  put  through  the  armature,  first  single  phase  and  then  three 
phase,  the  exploring  coil  voltage  will  be  50  to  60  per  cent  more 
in  the  latter  case  than  in  the  former.  This  ratio  for  end  leakage 
is  the  same  whether  the  rotor  is  in  or  out.  The  following  Table 
III  gives  data  from  such  a  test  on  a  126-kv-a.  machine,  four 
slots  per  pole  per  phase,  and  also  on  coils  assembled  in  a  wooden 
anaiature  dummy. 

He  believes  that  the  tooth-tip  leakage  is  more  complicated 
still,  and  also  that  the  mutual  induction  between  phases  due  to 
tins  leakage  must  be  very  small.     Why?    Because  damping 
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currents  in  the  laminations,  rivets,  etc.,  etc.,  prevent  the  tooth- 
tip  flux  from  entering  the  pole  face.  This  restricts  this  leakage 
to  the  path  along  the  air  gap.  This  of  cotu^e  would  not  only 
prevent  mutual  induction  with  other  phases,  but  also  cut  down 
radically  the  leakage  itself.  You  see  he  is  still  allowing  har- 
monics to  cause  undue  confusion.  Certainly  there  are  no  damp- 
ing currents  to  the  fundamental  which  we  are  after,  and  which 
being  polyphase  is  stationary  with  respect  to  poles.  Instead,  the 
problem  is  rendered  more  simple  that  the  harmonics  are  partially 

TABLE  III 
EXPLORING  COIL  TEST  FOR  END  LEAKAGE  ON  125  KV-A.  ALTERNATOR 
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^Position  1,  phase  group  bearing  exploring  coils,  symmetrically  surrounding  the  pole. 
Position  2,  phase  group  directly  over  pole  face. 

t  Exploring  coils  were  arranged  as  shown  in  Pig.  7.  except  there  were  four  instead  of 
two  slots  per  pole  per  phase. 

X  Maximum  of  fundamental.  Fig.  6  shows  typical  oscillogram  of  exploring  coil 
voltage. 

or  totally  damped  out.     We  trust  that  the  puzzling  features  he 
mentions  will  clear  up  if  these  points  are  kept  in  mind. 

He  adduces  Mr.  Newbury's  test  with  rotor  removed  showing 
16  per  cent  increase  three-phase  over  single  phase  reactance  to 
show  that  that  increase  can  not  be  of  the  order  of  50  per  cent. 
At  the  time  the  problem  was  being  studied,  the  authors  of  course 
made  such  tests,  and  agree  that  under  that  condition  (rotor  out) 
the  ratio  is  about  1 .  16.  But  as  we  have  emphasized  before,  we 
are  not  interested  in  what  it  is  with  the  rotor  out.  What  we  are 
after  is  the  reactance  with  the  rotor  in  and  running  in  synchronism 
at  zero  power  factor.    Under  which  circumstance  (and  relegating 
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this  damping  action  of  the  pole  rivets  etc.,  as  mentioned  above) 
the  iron  rotor  pennits  mutual  interlinkages  by  the  fundamental 
with  other  phases.  This  idea  is  fully  developed  in  the  paper. 
In  this  respect,  there  is  other  possible  evidence,  available  to  those 
concerned,  that  has  bearing  on  this  point.  Theoretical  considera- 
tions indicated  that  this  mutual  induction  factor,  three-phase  to 
single  phase  (terminal  to  neutral),  obtains  in  the  transient  as 
well  as  the  armattu^  reactance.  This  led  to  equation  (1 3)  Part  2. 
While  at  the  time  the  paper  was  printed,  no  tests  were  available, 
a  test  has  since  been  made  which  confirms  that  point  of  view. 
It  might  be  instructive  for  those  interested  to  try  this  out.  The 
results  of  that  test  which  was  made  on  a  1000-kv-a.,  760  rev.  per 
min., 60-cycle  generator  are  as  follows :  Short  circuit,  three-phase, 
no  load  gave  1900,  1800,  1900  amperes  (a-c.  component)  on  three 
different  tests.  Short  circuit,  one  phase,  terminal  to  neutral, 
no  load  and  same  voltage,  gave  2950  and  3060  amperes  (a-c. 
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Fig.  6 — Oscillogram  of  Exploring 
Coil  Voltagb  op  End  Connection 
Leakage  on  125  Kv-a.  Alternator 


Fig.  7 — Exploring  Coil  Test 
FOR  End  Leakage — Armature 
Coils  Assembled  in  Dummy 
Indicated  by  Heavy  Lines 
AT  Center  of  Figure 


component)  on  two  different  tests.     Average  ratio  three  phase 
to  single  phase  is  1 . 6. 

Mr.  Laffoon  believes  we  have  made  an  error  in  the  calculation 
of  tooth-tip  leakage  by  neglecting  the  important  component  of 
this  leakage  which  goes  aloVig  the  air  gap  and  does  not  enter  the 
pole  face.  Now  there  may  be  a  number  of  viewpoints  from  which 
the  authors  have  not  studied  this  problem,  and  there  may  be 
possibilities  of  significant  factors  which  they  have  failed  to  search 
out  and  weigh,  but  may  we  not,  in  the  face  of  this  avalanche  of 
criticism,  properly  give  ourselves  credit  for  having  been  pretty 
careful  and  painstaking  to  do  these  things.  The  question  just 
mentioned  about  tooth-tip  leakage  was  analyzed  and  the  factor 
for  including  this  "along-the-air-gap"  component  was  put  in  the 
equation;  but  it  was  found  to  be  practicaUy  negligible,  and  was 
omitted.  We  take  it  that  Mr.  Laffoon  has  not  properly  made 
such  an  analysis,  or  he  would  not- have  brought  the  question  up. 
The  space  to  discuss  this  criticism  may  be  worth  while,  because 
it  is  a  characteristic  type.  At  first  thought,  the  matter  seemed 
to  us  very  much  the  same  as  it  still  does  to  Mr.  Laffoon.    That 
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is  why  we  worked  it  out.  It  seems  obvious  that  with  slot  width 
equal  to  air  gap  on  a  one  slot  per  pole  per  phase,  the  leakage  from 
the  face  of  one  tooth  to  the  face  of  next  tooth,  will  not  all  go 
across  the  gap  to  the  pole  face  and  return ;  part  will  go  along  the 
air  gap.  With  two  slots  per  phase  group,  the  path  across  to  the 
pole  face  has  not  changed,  but  the  path  of  the  component  along 
the  air  gap  is  doubled.  For  three  slots  per  group  the  first  path 
between  outside  teeth  is  still  the  same,  the  path  along  the  gap  is 
trebled.  The  middle  slot  has  its  own  leakage,  but  as  explained 
by  Gray,  this  contributes  only  one  ninth  to  the  total  leakage  of 
the  group.  And  so  on ;  the  component  along  the  air  gap  growing 
progressively  less  as  the  slots  per  phase  group  are  increased. 
Then  why  does  not  that  component  have  to  be  considered  for 
one  or  two  slots  per  pole  per  phase.  Because  no  one,  I  think, 
ever  saw  an  air  gap  equal  to  the  slot  width  on  such  a  machine. 
If  one  did,  one  saw  a  monstrosity.  Assuming  tooth  and  slot 
width  equal,  and  three  slots  per  pole,  would  mean  an  air  gap 
equal  to  one-sixth  of  the  pole  pitch.  A  normal  air  gap  is,  say, 
one  to  3  per  cent  of  the  pole  pitch,  possibly  four  per  cent.  Take 
four  per  cent,  for  instance.  If  the  slot  width  is  the  same,  it 
means  eight  per  cent  per  tooth  pitch,  i.  e.  about  12  teeth  per  pole, 
or  more.  If  two  per  cent  gap  had  been  taken,  it  would  have 
meant  24  slots  per  pole.  The  more  the  teeth  the  less,  by  the 
square,  do  the  middle  ones  cotmt,  and  the  middle  slot  is  all  that 
would  be  practically  affected  by  this  component  we  are  accused 
of  having  omitted.  Moreover,  if  there  were  such  a  machine 
where  this  factor  was  a  significant  portion  of  the  total  tooth-tip 
leakage,  then  the  total  tooth-tip  leakage  would  be  of  practically 
negHgible  magnitude  compared  to  end  leakage  and  slot  leakage; 
and  the  error  would  be  of  no  practical  significance  in  the  total 
reactance.  Those  are  reasons  why  we  omitted  that  factor.  We 
did  not  overlook  it. 

Regarding  the  application  of  Carter's  Fringing  Coefficient  to 
tooth-tip  ledcage.  Take  any  alternator  and  lay  out  the  distribu- 
tion of  tooth-tip  leakage  over  the  pole.  Determine  the  coeffi- 
cient to  account  for  the  spread  of  flux.  Then  look  up  the  value 
on  Carter's  curve.  It  is  practically  the  same,  as  one  might 
expect,  except  possibly  in  some  monstrous  example  as  Mr. 
Laffoon  suggests.  Even  then,  for  reasons  mentioned,  the  error, 
is  harmless. 

The  title  for  the  curves  based  on  the  ratio  maximum  to 
minimum  air  gap,  which  asstmie  a  constant  pole  arc  radius  for 
any  given  pole,  has  been  modified  to  meet  his  objection  regarding 
the  difficulty  of  appl)dng  them.  They  can  not  properly  be 
applied  to  a  pole  involving  different  arc  radii. 

Turn  now  to  Mr.  Laffoon's  Table  I.  Before  commenting  on 
the  comparison  it  gives,  we  would  refer  to  the  following  table, 
giving  the  rest  of  the  data  which  Mr.  Laffoon  should  have  felt 
obliged  to  include,  but  did  not.  We  have  already  referred  to 
an  interchange  of  design  and  test  data  with  Mr.  Newbury  for 
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the  purpose  of  eliminating  the  possibility  of  wrong  application  of 
formula  and  of  different  interpretations  from  tests.  Mr. 
Laffoon's  Table  I  is  supposed  to  show  the  results  of  that  inter- 
change. In  our  Table  IV  only  machine  numbers  4,  6,  11,  12  and 
13  appear,  since  we  have  not  data  on  the  others.  But  sufficient 
data  is  in  Table  IV  for  interesting  comparison  with  Mr.  Laff oon's 
Table  I.     These  are  the  main  points  of  interest: 

1.  Our  calculation  of  armature  reactance  checks  reasonably 
with  the  test  value  (No.  1  method),  which  the  formula  is  in- 
tended to  calculate,  on  Mr.  Laffoon's  machines,  as  well  as  on 
ours.     Mr.  Laffoon's  Table  I  does  not  show  the  **test"  value 

^  which  our  formula  calculates,  but  something  else. 

2.  His  calculated  and  test  values  are,  he  avers,  either  armature 

TABLE  IV 
PER  CENT  REACTANCE 


Machine 

Kv-a. 

Phase 

* 

Slot 

width 

air 

gap 

Calc.  D.  &  S. 

Test  t 

Calc. 

Test: 

Arm. 

Trans- 
ient 

Arm. 

Trans- 
ient 

L 

L 

D.  ft  S.  4 
D.  ft  S.  6 
L  11 

D.  ft  S.12 
L13 

1250 

700 

3750 

560 

12500 

3 
3 
3 
3 
3 

3.4 

2.4 

1.6 

1.06 

0.94 

9.6 
13.6 
10.2 
17.6 
13.2 

13.6 
19.1 
14.5 
23.0 
19.0 

7.8 
13.0 
12.9 
18.2 
14.2 

20.8 

10.9 

22.85 

13.63 

26.0 

20.2 

13.25 
19.3 

*  Minimum  air  gap  is  used  in  this  ratio. 

t  Armaturt  reactance  from  saturation  and  synchronous  impedance  curves.  Method 
1  in  Mr.  Pechheimer's  discussion.  Transient  reactance  from  oscillograph  records  of  short 
circuit. 

{Mr.  Laffoon's  application  of  test  Method  2,  as  described  in  Mr.  Fechheuner's  dis- 
cussion. 

or  transient  reactance,  since  they  are  the  same.  Note  that  those 
values  agree  with  our  calculated  transient  reactance.  For- 
tunately, on  one  of  the  machines  he  submits,  the  12,500-kv-a., 
results  from  short-circuit  tests  are  available.  In  this  case,  we 
calculate  13.2  per  cent  armature,  and  19  per  cent  transient. 
Test  was  14.2  per  cent  armature,  and  20.8  per  cent  transient 
reactance.  His  calculated  and  "test'*  values  are  20.2  and  19.3 
per  cent  respectively. 

3.  Our  calculation  of  armature  reactance  on  machine  11,  is 
10. 2  per  cent  instead  of  9. 36  per  cent  given  in  Laffoon's  Table  I. 

Therefore  the  alleged  agreement  of  results  at  high  ratio  of 
slot  width  to  air  gap,  and  a  gradual  taper  to  radical  disagreement 
at  low  ratio,  due  to  our  omission  of  the  "along-the-air-gap** 
component  of  tooth-tip  leakage,  vaporizes  with  the  rest  of  the  facts 
and  logic  which  have  been  submitted  to  show  that  the  results  of 
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the  paper  are  entirely  wrong.  Note  in  Table  IV  that,  instead, 
the  agreement  happens  to  be  better  at  low  ratio  (see  D  and  5  12 
and  L  13)  than  at  high  rates.  The  results  in  these  tables  simply 
show  again  what  has  been  brought  out  in  all  this  discussion,  that, 
in  the  first  place,  the  sotmdness  or  the  theory  underlying  the 
method  given  in  the  paper  has  not  been  disproved;  and  also  that 
the  difficulty  Messrs.  Newbury,  Fechheimer  and  Laffoon  have 
experienced  in  adjusting  their  viewpoints  rests  on  the  fact  that 
they  have  been  working  on  the  unsound  principle  that  the  tran- 
sient reactance  and  armature  reactance  are  the  same.  And  by 
the  treacherous  possibiUty  in  No.  2  test  method  of  taking  in 
excitation  calculation  any  value  one  pleases  for  armature^ 
reactance,  (so  long  as  that  value  is  applied  in  the  same  way  it  * 
was  derived  from  the  zero  power  factor  excitation  curve)  they 
have  lead  themselves  to  believe  that  the  above  principle  is  right. 
A  different  value  of  reactance  obtained  by  No.  2  method  simply 
means  a  change  in  judgment  regarding  where  the  calculated 
saturation  curve  should  be  placed.  The  coincidence  of  the  value 
of  armattu^  and  transient  reactance  probably  had  its  origin  in 
the  view  that  they  should  be  the  same,  and  the  full-load  leakage 
correction  of  the  saturation  curve  adjusted  accordingly. 

Mr.  Diamant's  comments  center  principally  on  three  points: 
1.  The  author's  statement  of  disagreement  with  certain  results 
of  his  own  paper.  -  2.  Priority  claims.     3.  Terminology. 

Since  Mr.  Diamant  states  that  **the  authors  really  do  not 
disagree  with  any  of  my  conceptions,  at  least  I  agree  with  theirs 
.  .  .  .'*,  the  first  point  would  seem  at  once  to  be  settled.  We 
disagreed  because  we  misimderstood  his  meaning.  We  misunder- 
stood not  by  a  lack  of  diligence  in  trying  to  understand,  but 
because  he  used  terms  familiar  to  us,  but  to  which  he  attached  a 
meaning  entirely  different  from  that  almost  universally  tmder- 
stood,  and  which  is  imiformly  defined  in  leading  text  books. 
Take  one  glaring  instance :  by  armattu^  self -inductive  reactance, 
he  means  synchronous  reactance.  Referring  to  Fig.  27b  in  the 
paper,  his  meaning  of  **self -inductive  reactance"  involves  all 
the  flux  shown.  What  is  generally  meant  by  self-inductive 
reactance,  involves  only  that  portion  of  the  total  flux  shown 
that  does  not  link  with  the  field  winding.  With  the  almost 
generally  accepted  definitions  in  one's  mind  Diamant's  state- 
ment "the  ratio  of  the  true  self -inductive  reactance  to  the  total 
leakage  reactance  reduced  to  the  field  is  about  three,"  is  per- 
plexing indeed.  Being  familiar  with  leading  texts  that  define 
these  terms  and  with  the  consequent  general  understanding,  and 
yet  not  having  stated  his  intention  to  use  a  different  meaning, 
he  cotdd  hardly  have  expected  his  words  to  be  understood. 

But  after  definition  has  been  cleared  up,  one  point  remains. 
We  obviously  can  not  agree  to  the  general  statement  in  Dia-. 
mant's  paper  that  the  initial  short-circuit  ciurent  is  determined 
"by    the    armature    impedance    with    good    approximation." 
Although  true  in  some  cases,  as  tacitly  granted  in  ova  paper, 
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"this  assumption  would  lead  to  serious  error  in  many  cases." 
We  gather  from  Mr.  Diamant's  interesting  comments  confined 
to  Ic^c,  that,  after  all,  he  agrees. 

Just  a  word  about  our  reference  to  his  paper.  In  taking  up 
this  problem  of  reactance  and  short  circuits,  we  naturally  used  as 
a  starting  point  the  most  recent  work  on  the  subject,  and  that, 
of  course,  was  Diamant's  paper.  He  had  covered  the  matter 
historically,  which  to  us,  was  a  considerable  factor  in  the  value 
of  his  paper,  and  had  offered  interesting  and  valuable  test  data, 
and  also  some  extensions  in  mathematics,  one  of  which  was  tised 
in  our  paper,  Fig.  21.  As  stated,  there  were  in  his  work  points 
with  which  we  did  not  agree.  Hence  it  was  necessary  and  proper 
that  that  disagreement  should  be  stated,  in  order  to  clearly 
proceed  to  further  development;  surely  not  in  order  that  we 
might  "triumphantly  state"  that  some  one  was  wrong.  We 
regret  that  the  latter  interpretation  was  made  by  Mr.  Diamant, 
b^ause  it  has  done  much  to  spoil  what  otherwise  might  have 
been  a  masterful  criticism. 

We  are  accused  of  having  attempted  to  offer,  for  the  first 
time,  what  Boucherot  proposed  in  1912.  The  first  paragraph  of 
Part  2  states  that  Diamant's  paper  svuns  up  the  theories  tmder- 
lying  short  circuits  as  developed  by  Berg  and  by  Boucherot. 
These  are  in  complicated  mathematical  terms  from  which  the 
average  engineer  finds  difficulty  in  obtaining  a  physical  concep- 
tion of  the  phenomena.  Moreover,  to  apply  their  equations  it 
is  necessary  to  know  the  reactance.  In  order  to  calculate  the 
reactance  which  limits  the  initial  short-circuit  current,  it  is 
necessary  to  estabUsh  a  physical  conception  of  what  happens  to 
the  magnetic  fields  under  that  condition.  It  is  just  as  necessary 
to  establish  that  conception  in  the  reader's  mind,  if  he  is  to 
understand  clearly  what  is  being  calculated.  And  to  the 
contempt  of  those  who  would  say  everything  mathematically, 
we  have  described  the  phenomena  "in  terms  as  free  as  possible 
from  mathematics."  It  is  an  interesting  circtunstance,  there- 
fore, that  we  are  now  obliged  to  acknowledge  that  we  did  not 
discover  the  principles  underlying  that  exposition;  nor  did 
Boucherot,  or  Diamant.  Faraday  and  Maxwell  deserve  some 
credit  for  them.  They  are  stated  in  any  good  text  on  physics. 
However,  there  are  one  or  two  points  which  were  brought  out 
which  we  believe  were  not  generally  appreciated.  To  mention 
one,  the  increase  in  flux  density  at  the  bottom  of  the  pole  at 
short  circuit.  This  is  not  only  an  interesting  result,  but  one 
that  has  important  bearing  upon  the  variation  in  attenuation 
factors,  as  explained  in  the  paper.  This  phenomenon  is  not  all 
obvious  from  previous  Uterature. 

Before  referring  to  terminology,  we  will  answer  one  or  two 
other  points.  We  are  asked  to  explain  why  a  single-phase  short 
circuit  between  terminals  of  a  three-phase  machine  produces  the 
same  current  as  a  three-phase  short  circuit,  especially  since  a 
terminal  to  neutral,  single-phase  short  circuit  produces  50  per 
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cent  greater  current  than  the  three-phase.  If  it  is  assumed 
that  the  two  phases  involved  may  be  considered  as  different 
phases,  as  in  three-phase,  and  with  the  three-phase  value  of 
reactance  per  phase,  then  the  short-circuit  current  would  be 

/=^^  =  0.86^  =  0.867. 

that  is  86  per  cent  of  three-phase  value.  That  assumption, 
however,  involves  the  three-phase  mutual  induction  between 
phases,  which  is  strictly  true  only  at  one  instant,  when  the  cur- 
rent is  a  maximum.  Then  the  pole  iron  is  in  same  position 
relative  to  the  armature  m.  m.  f.  as  at  one  particular  moment 
under  three-phase  conditions.  If  that  relative  position  were 
maintained,  then  the  current  would  be  as  given  above,  ♦.  e,, 
0.86 /s.  However,  as  the  pole  moves  on,  the  relation  of  the 
iron  path  to  the  leakage  flux  is  changed  to  decrease  slightly  the 
fundamental  of  the  leakage  flux,  and  as  tests  show,  this  decrease 
is  about  15  per  cent. 

Mr.  Diamant  says  the  following  statements  in  the  paper  are 
wrong:  **the  alternating  component  depends  upon  the  flux  per 
pole"  and  **the  direct  component  depends  upon  the  flux  linked 
with  the  armature  circuit."  He  says  those  components  depend 
rather  upon  the  difference  between  the  mutual  and  sustained  flux. 
The  above  quotations  obviously  follow  if  one  accepts  the  principle 
of  constant  interlinkages  in  a  closed  circtdt  without  resistance, 
and  grants  what  is  the  generally  accepted  view  that  for  a  practi- 
cal study  of  the  phenomena,  the  resistance  is  negligible  for  the 
first  cycle  or  so.  But  even  if  one  dissents  from  that  view,  we 
will  take  the  magnitude  of  these  components  as  determined  by 
projection  of  wave  of  crests  to  zero  time.  But  however  obvious 
those  statements  may  seem  to  those  who  look  at  these  matters 
from  a  viewpoint  of  facts,  it  is  acknowledged  that  where  one, 
instead,  reasons  from  somebody's  equations,  say  Boucherot's, 
instead  of  from  the  background  of  facts  Boucherot  had  in  mind, 
it  is  possible  for  one  to  arrive  at  a  wrong,  sometimes  dangerous, 
conclusion.  Consider  what  happens.  At  short  circuit  the 
entire  useful  flux  is  absorbed  in  the  armattu'e  and  field  leakage 
paths  in  proportion  to  their  respective  reactances.  There  is  of 
course  a  very  small  per  cent  of  it  taken  up  in  J?  /  drop,  but  this 
is  negligible.  As  the  flux  dies  down,  the  relative  proportion  of 
it  in  the  armature  leakage  path  at  any  time  is  progressively 
greater,  that  in  the  field  path,  less,  until  at  the  sustained  value, 
it  is  all  absorbed  in  the  armature  leakage  (except  of  course  the 
original  pole  leakage  due  to  original  exciting  field  current). 
Now  the  practically  universal  practise  of  all  authors  in  expressing 
that  fact  mathematically  (and  it  is  a  mathematical  convenience 
not  free  from  inconsistency)  is  to  assume  that  the  sustained 
value  existed  all  the  time,  and  that  the  transient  condition 
involves  a  change  from  initial  flux  and  current  to  sustained 
flux  and  current.     Diamant's  opinion   probably  rests  on  such 
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a  formula,  otherwise  it  is  diflScult  to  understand  the  basis  for 
his  opinion  that  the  a-c.  component  depends  upon  the  differ- 
ence between  initial  and  sustained  flux.  But,  as  intimated 
above,  such  a  formula  does  not  explain  certain  facts.  If  the 
sustained  value  is  assumed  to  have  existed  from  the  first  instant, 
then  it  means  that  by  the  formula  there  is  a  greater  percentage 
of  flux  taken  in  the  armature  paths  at  the  initial  moment  than 
actually  is  taken.  As  an  instance,  assume  a  ratio  of  armature 
to  field  strength  equals  two.  Also  assvime  ten  per  cent  armature, 
five  per  cent  field  leakage.  That  means  6,66  times  normal 
current  at  short  circuit.  Actually  at  the  first  moment  the 
division  of  the  total  flux,  which  is  110  per  cent,  is  66. 6  per  cent  in 
armature,  (33.3  per  cent  +  10  per  cent)  in  field  leakage  path. 
At  the  sustained  condition,  the  current  is  practically  two  times 
normal,  that  is,  the  flux  division  is  20  per  cent  in  armature 
leakage,  10  per  cent  in  field.  By  the  well  known  formula 
referred  to,  asstuning  that  the  sustained  values  existed  from  the 
start,  the  initial  division  would  be  as  follows:  the  sustained 
value  accounts  for  armature  20  per  cent,  field  10  per  cent. 
That  leaves  80  per  cent  of  the  useful  no-load  flux  to  be  absorbed 
in  armature  and  field  in  the  ratio  of  10  to  5,  *.  e.,  53.3  per  cent 
armature,  26. 6  per  cent  field.  That  is  a  total  of  (20  per  cent  + 
53 . 3  per  cent)  in  the  armatiu^  and  (26. 6  per  cent  +  10  per  cent) 
in  the  field.  That  is,  this  equation  say«  73. 3  per  cent  is  in  the 
armature  leakage,  36.6  per  cent  in  the  field  leakage;  whereas, 
in  fact,  the  division  is  66.6  per  cent  in  armature,  43.3  per  cent 
in  the  field.  Now  obviously,  by  the  well  known  equation 
referred  to,  this  question  would  not  come  up  if  the  total  reactance 
is  assumed  to  be  in  the  armature.  In  other  words,  that  equation 
involves  the  fundamental  assumption  that  the  total  reactance  is 
in  the  armature.  If,  therefore,  one  thinks  in  terms  of  that 
equation,  one  may  go  astray. 

Another  viewpoint,  which  seems  more  rational,  yet  perhaps 
less  convenient,  is  that  the  sustained  value  of  flux  is  zero  at  the 
initial  instant,  and  by  an  exponential,  reaches  the  sustained 
value;  and  at  the  same  time  the  total  initial  flux  decreases  to 
zero  by  the  same  exponential.     That  is  the  flux  at  any  time  is 


0  =  *r"^+  ^.{l-e'"^) 


where  *  =  initial  flux 

4>«  =  sustained  flux 

a/  =  field  attenuation  factor  based  on  the  total  leakage  of 
armature  and  field. 

The  flux  which  is  caught  in  the  armature  circuit  starts  at  that 
value  and  decreases  to  zero  by 
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The  equation  of  short-circuit  current  crests  would  be,  using 
notation  in  paper,  and  assuming  wave  completely  offset, 

,•  =  V2  { 7.  r-^'+  /.(i  -  r-^) + 7,  r-"* } 

These  forms  are  consistent  with  the  facts.  They  say  that  the 
division  of  flux  in  the  above  example  is  initially  66.6  per  cent 
armature  and  43.3  per  cent,  as  facts  require;  and  at  sustained 
value,  20  per  cent  armature  and  10  per  cent  field  leakage.  And 
at  any  time  during  the  transient,  the  proper  division  is  obtained 
from  the  equation. 

While  the  other  form  may  be  used  in  practical  calculation  for 
practical  results  (and  hence  the  familiar  instead  of  the  new  forms 
were  used  in  the  paper)  it  yet  becomes  a  serious  difference  if 
generalization  is  to  be  made  from  the  formula  to  the  extent  of 
Diamant's  statement  that  the  initial  a-c.  component  depends 
upon  the  difference  between  the  initial  and  sustained  flux. 
Think.  If  at  the  instant  the  short  circuit  occurs,  the  field 
terminals  were  also  short-circuited,  the  initial  armature  and 
field  current  would  necessarily  be  the  same  as  if  those  terminals 
had  not  been  short-circuited.  In  the  former  case,  however, 
there  would  be  no  sustained  value.  The  flux  and  currents  would 
die  to  zero.  So  the  difference  between  initial  and  sustained  flux 
coidd  not  affect  the  initial  current,  either  the  a-c.  or  d-c.  com- 
ponents; unless  it  is  assumed  always  that  the  sustained  value  of 
flux  is  zero,  and  that  is  assuming  the  armatiu-e  leakage  to  be  zero. 

Regarding  terminology,  we  are  critized  for  introducing  the 
"new  impressive,  misleading  name  of  transient  reactance."  It 
has  escaped  his  notice  that  in  previous  A.  I.  E.  E.  papers  and 
in  other  literature,  this  term  has  been  proposed;  and  in  the 
present  paper  at  the  beginning  of  Part  2,  the  origin  of  the  term  is 
recorded:  Durgin  and  Whitehead  in,  1912;  F.  D.  Newbury  in 
1914.  It  may  sound  to  Mr.  Diamant  as  unscientific;  but  some- 
times scientific  terms  are  so  long  that  commercial  engineers  will 
not  use  them,  and  it  is  necessary  to  have  a  shorter,  if  less  accurate 
term.  How  many  busy  engineers  could  be  persuaded  to  say, 
"I  want  'the  total  leakage  reactance  reduced  to  armature  terms.*  " 
While  we  reaffirm  our  acceptance  of  the  term,  "transient  reac- 
tance,** as  practical  and  descriptive,  and  also  believe  the  ter- 
minology used  in  leading  tests  such  as  Steinmetz,  Berg  and 
Lawrence  are  scientifically  sound,  we  believe  that  there  should 
be  some  terminology  which  would  mean  the  same  to  everybody, 
and  avoid  such  confusion  as  is  experienced  in  reading  Diamant's 
1915  paper.  His  discussion  devotes  considerable  space  to  this 
matter.  His  terms  are  sound  and  consistent.  Whether  it  is 
too  late  to  ask  the  engineering  world  to  change  entirely  to  adopt 
Diamant's  suggestions,  or  instead  to  adopt  officially  what  is 
already  generally  used,  is  questionable. 

We  acknowledge  the  omission  of  Douglas'  paper  in  the 
bibliography.     It  properly  should  have  been  included. 
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PROTECTION  FROM  FLASHING  FOR  DIRECT^URRENT 

APPARATUS 

BY  J.  J.  LINBBAUGH  AND  J.  L.  BURNHAM 


Abstract  of  Paper 


The  equipment  developed  for  the  protection  of  direct-current 
apparatus  as  described  in  this  paper  is  applicable  to  all  direct- 
current  apparatus  and  all  methods  of  operation.  Special  means 
of  protection  for  use  only  with  particular  apparatus  or  conditions 
of  operation  have  not  been  mentioned.  Tne  principal  steps  in 
the  experimental  development  of  high-speed  circuit  breakers 
and  flash  barriers  are  briefly  given. 

The  protection  afforded  by  the  hieh-speed  breaker  or  barriers 
is  sufficient  for  most  apparatus  and  service,  but  complete  pro- 
tection for  any  direct-current  apparatus  and  service  requires 
both  the  high-speed  breaker  and  flash  barriers.  Attention  is 
directed  to  the  importance  of  arranging  the  connections  to  the 
brush  rigging  so  that  the  magnetic  action  on  the  arc  will  be  a 
minimum,  and  properly  directed,  so  the  flash  wiU  do  the  least 
damage. 


THE  problem  of  protection  from  flashing  has  for  many  years 
confronted  engineers  who  build  and  operate  direct-current 
machines.  Numerous  schemes  and  suggestions  have  been  put 
forward  which  it  was  hoped  would  overcome  the  tendency  to 
flashover  on  extra  heavy  overloads  or  short  circuits.  Some  time 
ago  it  was  felt  that  the  subject  of  prevention  and  protection  from 
flashing  had  not  received  the  study  and  investigation  justified 
by  the  trouble  experienced  and  it  was  decided  to  make  a  com- 
prehensive study  of  the  entire  subject. 

Some  form  of  barrier  has  been  the  most  common  protection 
suggested,  and  different  forms  have  been  tried  with  a  slight 
degree  of  success  on  some  machines  and  absolute  failiu-e  on  others. 
It  was  the  opinion  of  many  engineers  that  barriers  could  not  be 
designed  to  take  care  of  a  short  circuit  a^d  that  their  value  was 
doubtful.  However,  a  special  form  of  barrier,  which  gives  the 
required  protection,  will  be  described  later. 

It  was  realized  that  the  means  fqr  prevention  of  flashing  at 
the  commutator  and  brushes  of  direct-current  machines  must 
operate  to  remove  the  cause  very  quickly.  The  use  of  some  form 
of  high-speed  device,  which  would  open  the  circuit  or  insert  re- 
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sistance  before  the  short-circuit  current  could  reach  a  value 
which  would  cause  flashing,  seemed  the  most  logical  way  to 
solve  the  problem,  although  it  was  appreciated  that  the  action 
of  the  device  must  be  much  more  rapid  than  any  commercial 
circuit-opening  device  previously  produced.  An  investigation 
was  conducted  along  these  lines  and  two  distinct  types  of  high- 
speed breakers  developed,  which  will  be  described  separately. 

A  flash  at  the  commutator  starts  from  excessive  sparking. 
Sparking  is  produced  by  the  breaking  of  current  in  the  coils  short- 
circuited  by  the  brush  as  each  segment  of  the  commutator  passes 
from  under  the  brush.  As  the  coil  is  inductive,  the  spark  or  arc 
tends  to  hold  and,  if  the  arc  is  of  sufficient  volume,  the  vapor 
produced  thereby  forms  a  low  resistance  path  between  segments 
and  from  brush  to  brush  or  to  frame;  through  which  a  large 
current  may  pass.     See  Figs.  1  and  2. 

Sparking  may  be  prevented  by  providing  a  magnetic  field  of 
proper  strength  and  distribution  to  influence  the  coils  during 
reversal  of  their  current  as  they  pass  through  short  circuit  by 
the  brushes.  To  provide  the  correct  commutating  field  for  all 
conditions  of  load  has  been  the  object  of  designers  but  success 
has  been  only  partial.  At  high  loads,  saturation  of  magnetic 
circuits  and  distorting  influence  prevent  attainment  of  the  de- 
sired field,  and  for  sudden  changes  in  load  the  changes  in  field 
cannot  be  properly  synchronized.  It  is  more  difficult  to  avoid 
sparking  with  rapidly  varying  loads  than  with  gradually  chang- 
ing or  steady  load,  but  if  a  sudden  load  which  would  cause 
flashing  is  of  short  enough  duration,  the  arcing  at  brushes  may 
not  produce  enough  conducting  vapor  to  establish  an  arc  sup- 
ported by  the  main  voltage.  The  value  of  load  that  causes 
flashing  when  applied  suddenly  {short  circuit)  is  a  function  of  the 
time  required  to  throw  it  off.  The  quicker  the  circuit  is  opened 
the  higher  the  value  of  current  that  will  not  cause  arcing. 

With  the  ordinary  circuit  breaker  which  begins  to  open  in 
about  0.15  second,  there  is  a  certain  maximum  load  which  cannot 
be  exceeded  for  each  commutating  machin,e  without  causing 
flashing.  If  feeders  have  sufficient  resistance  to  limit  the  short- 
circuit  current  to  this  critical  value,  flashing  will  occur  only  on 
the  rare  occasion  of  a  short  circuit  in  a  feeder  itself.  See  Fig.  3. 
It  has  been  the  standard  practise  of  nearly  all  manufacturers 
to  recommend  tapping  the  feeders,  especially  railway  feeders, 
at  a  sufficient  distance  from  the  substation  to  insure  enough 
resistance  in  the  circuit  to  limit  current  in  case  of  short  circuit 
near  the  station. 
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Inductance  may  be  added  to  the  circuit  to  retard  the  rate  of 
increase  of  current  on  short  circuit  to  such  an  extent  that  the 
ordinary  breaker  will  have  time  to  trip  before  the  current  in  the 
machine  reaches  a  value  that  would  cause  flashing.  The  amotmt 
of  inductance  required  to  delay  the  rise  in  current  sufficiently, 
however,  introduces  other  disadvantages  which  make  its  use 
undesirable.  When  the  current  is  interrupted,  the  increase  in 
voltage  from  inductive  *'kick"  is  diflScult  for  circuit  breakers 
to  handle  and  introduces  the  possibility  of  applying  dangerous 
voltage  stresses  to  the  apparatus. 

Reactors  have  been  tried  in  a  few  instances  with  some  success 
but  it  has  always  been  a  mooted  question  whether  the  resistance 
of  the  reactor  did  not  give  as  much  or  more  protection  than  the 
inductance  of  the  coil,  and  if  this  is  the  case  resistance  only 
would  be  much  cheaper  to  install.  A  coil  to  give  the  delay  re- 
quired is  usually  very  large  and  expensive  and  occupies  much 
valuable  space,  giving  a  total  cost  out  of  proportion  to  the  cost 
of  the  machines  protected  or  the  protection  obtained. 

With  special  high-speed  circuit-opening  devices  operating  in 
about  0.005  second,  the  more  sensitive  machines,  such  as  60-cycle 
synchronous  converters  for  railway  voltages,  may  be  short- 
circuited  without  flashing  over,  even  though  the  maximiun  current 
is  of  higher  value  than  would  cause  flashing  with  suddenly  ap- 
plied load  and  ordinary  circuit-breaker  protection. 

The  speed  at  which  a  circuit  breaker  must  operate  to  prevent 
flashing  depends  on  the  amount  of  load  thrown  on  the  machine 
but,  tmder  worst  conditions,  our  tests  seem  to  confirm  that  it 
must  be  quicker  than  one-half  cycle  of  the  machine  to  be  pro- 
tected. The  time  of  operation  of  the  breaker  wotdd  be  measured 
between  the  time  that  the  current  reaches  the  flashing  value  to 
the  time  that  the  current  is  again  reduced  to  the  same  value 
after  the  breaker  opens.  If  the  arc  formed  between  two  seg- 
ments is  not  blown  out  as  they  pass  from  one  set  of  brushes  to 
the  next  and  all  following  segments  have  similar  arcs  formed  be- 
tween them,  the  arc  would  completely  bridge  between  positive  and 
negative  brushes  in  one-half  cycle,  which  would  complete  the 
flashover.  Complete  flashover  might  also  occur  from  gases 
being  blown  by  windage,  magnetically,  or  by  expansion,  to 
increase  or  decrease  the  half  cycle  time. 

The  time  of  operation  of  circuit  breakers  as  given  herein  is 
measured  from  the  beginning  of  short  circuit  to  the  instant  the 
breaker  begins  to  reduce  the  current  rise. 
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Investigation  covering  these  several  schemes  of  protection 
was  made,  which  it  is  believed  will  be  of  interest  and  will  be  des- 
cribed briefly  with  oscillograms,  reproductions  from  photographs, 
etc.,  showing  behavior  under  different  loads  and  short-circuit 
conditions. 

All  short-circuit  tests  were  made  by  connecting  positive  and 
negative  terminals  with  a  500,000  circular  mil  cable;  the  only 
equipment  in  the  circuit  being  the  necessary  current  shunt  for 
the  oscillograph,  a  contactor  to  close  the  circuit,  and  a  circuit 
breaker  for  overload  protection,  in  addition  to  the  protective 
device  being  investigated.  Power  for  the  300-kilowatt,  25- 
cycle  and  500-kilowatt,  60-cycle,  600-volt  sjmchronous  converters, 
used  in  fuse,  barrier,  reactor,  and  high-speed  circuit  breaker 
tests,  was  supplied  from  a  6000-kilowatt  frequency  changer 
set  only  a  few  feet  from  the  test,  so  that  there  was  very  little  drop 
in  the  voltage  of  the  generator  or  from  resistance,  and  the  oil 
switch  was  set  so  that  it  did  not  trip  out. 

High-Sfbbd  Circuit  Brearbr 

At  the  time  this  development  was  started  it  was  felt  that  if 
a  circuit  breaker  could  be  designed  to  operate  within  the  time 
required  for  a  commutator  bar  to  pass  from  one  brush  to  another; 
that  is,  within  one  half  cycle,  protection  would  be  afforded  against 
practically  any  short  circuit.  Designs  were  therefore  begun  on 
a  circuit  breaker  which  would  open  within  0.007  second,  which 
would  cover  most  commercial  machines;  t.f.,  for  60  cycles  and 
lower  frequency. 

High-speed  breakers  had  been  suggested  and  attempts  made 
to  produce  such  devices  previous  to  this  time  but,  as  far  as  the 
wr  ters  know,  had  never  been  made  to  obtain  as  high  speed  as 
the  discussion  shows  would  be  necessary. 

Different  types  of  construction  were  studied  and  samples  of 
several  preliminary  models  constructed  without  obtaining  the 
speed  desired.  One  of  the  most  promising  types  of  construction 
considered  consisted  of  a  knurled  fly  wheel  operating  continu- 
ously with  a  knurled  cam,  so  designed  and  located  that  a  ctirrent 
relay  would  insert  a  wedge  between  the  wheel  and  the  cam  and 
trip  a  breaker  attached  to  the  cam  by  suitable  toggle  mechanism. 
This  preliminary  sample  indicated  that  0.035  second  was  the 
best  speed  that  could  be  attained. 

It  was  then  decided  to  concentrate  all  energies  on  a  circuit 
breaker  using  the  well  known  principle  of  a  latch,  heavy  spring 
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Fig.  1 

Flashing  at  brushes  on  lOOO-kw.,  1500- volt  generator  forming  part  of  2000-kw.,  3000- volt 
motor-generator  set  at  five  times  load,  showing  different  stages  of  arc  formation. 


Fig.   2  (linebaUgh  and  rurnham] 

High-speed  photograph  of  flashing  on  300-kw.,  60C-volt,  2")-cycle  synchronous  converter 
with  short  circuit  on  0.015  ohms  additional  in  the  external  circuit  and  standard  circuit 
breaker. 
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A.  I.  E.  E. 

VOL.   XXXVII,   1918 


Fig. 


High  speed  photograph  of  short  circuit  on  300-kw.,  600-volt,  25-cycle,  synchronous  con- 
verter with  standard  circuit  breaker. 


Fig.   4  [linebaugh  and  burnmam] 

3000-ampere,  3600-volt,  direct-current  high-speed  circuit  breaker. 
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A.  I.  E.  E. 

VOL.  XXXVII,  1918 


Fig.  9 

High-speed    air   cooled    fuse    holder    with 
magnetic  blow-out  used  in  test. 


Fig.  10 

High-speed  oil-cooled  fuse  holder,  used  in 
test. 


Fig.     11  [LINEBAUGH  AND  BURNHAM] 

Short  circuit  on  300-kw.,  600-volt,  25-cycle,  synchronous  converter  protected  by  air- 
cooled  high-speed  fuse.  Curve  A,  voltage  across  fuse;  Curve  B,  line  current;  Curve  C, 
collector-ring  voltage. 
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and  series  tripping  coil,  and  the  high-speed  breaker  shown  in 
Fig.  4  was  finally  built. 

The  problem  was  to  obtain  very  quick  tripping,  rapid  accelera- 
tion of  contacts  and  a  sufficient  number  of  ampere  turns  in  the 
magnetic  blowout  to  insure  rapid  breaking  of  the  arc.  Previous 
ideas  of  design  had  to  be  abandoned  when  working  for  such  high 
speed  when  a  loss  of  0.001  second  meant  a  very  serious  increase 
in  time  of  operation. 

It  was  found  that  a  series  blowout  coil  had  to  be  used,  as 
sufficient  time  could  not  be  allowed  for  the  building  up  of  a 
field  after  the  contacts  opened  as  is  ordinarily  done  in  circuit- 
breaker  design,  and  the  strength  of  this  coil  must  be  many  times 
that  usually  used  to  rupture  the  circuit  by  giving  the  quick  start 
and  acceleration  to  the  arc  necessary  for  the  speed  desired.  The 
breaker  in  question  has  a  total  of  about  150,000  ampere'  ttums  at 
the  maximum  current  obtained. 

The  moving  parts  must  all  be  as  light  as  possible,  consistent 
with  the  great  strength  required,  so  that  they  can  be  started,  ac- 
celerated and  stopped  in  a  very  short  space  of  time  and  distance. 
Even  with  this  type  of  construction,  it  was  found  necessary  to 
use  somewhat  high  spring  pressure;  the  spring  being  compressed 
to  about  8000  pounds  when  the  breaker  was  closed  and  ready  for 
tripping. 

A  very  special  latch  with  very  small  tripping  movement  was 
designed  somewhat  similiar  to  the  hair  trigger  on  a  rifie,  in 
connection  with  a  special  high-speed  tripping  coil  so  that  about 
0.001  inch  movement  of  the  plunger  would  trip  the  breaker.  It 
will  assist  in  appreciating  the  speed  attained  when  it  is  noted 
that  the  breaker  must  be  arranged  so  that  it  will  not  trip  tmder 
ordinary  load  condition  and  must  be  set  above  the  tripping  point 
of  the  regular  substation  breaker  so  that  it  will  act  while  the  cur- 
rent is  increasing  from  say  three  and  one-half  times  load  to  eight 
times  load;  cturent  rising  at  the  rate  of  about  1,000,000  amperes 
per  second.  Fig.  5  gives  a  very  good  idea  of  speed  and  limiting 
of  current,  from  which  it  will  be  seen  that  the  breaker  starts  to 
insert  resistance  in  about  0.008  second  and  the  load  on  the 
machine  is  reduced  well  below  the  flashing  value  in  0.020  second 
after  the  short  circuit  was  applied. 

A  breaker  was  tested  very  exhaustively  in  connection  with  a 
2000-kilowatt  3000-volt  direct-current  synchronous  motor- 
generator  set  shown  in  Fig.  6,  built  for  the  Chicago,  Milwaukee 
&  St.  Paul  electrification,  and  found  to  give  complete  protection 


Digitized  by  VjOOQ IC 


1346  LI  NEB  A  UGH  AND  BUR  NHA  M:  [June  28 

from  damage  or  burning  on  short  circuit  when  equipped  with 
barriers  shown  in  Fig.  7. 

In  connection  with  the  test,  it  was  found  that  even  the  speed 
of  0.008  second  obtained  would  not  completely  protect  machines 
from  flashing  on  the  most  severe  short  circuit,  and  barriers 
shown  were  designed  and  installed.  Tests  referred  to  with  high- 
speed breakers  were  taken  with  these  barriers,  which  will  be 
described  later. 

It  is  evident  that  it  is  preferable  in  case  of  short  circuit  to  in- 
sert resistance  by  a  high-speed  breaker  to  quickly  limit  the  cur- 
rent to  some  conservative  value  and  then  open  the  circuit.  This 
type  of  protection  has  been 
adopted  as  standard.  All  tests, 
investigations,  et  cetera,  were 
based  on  this  theory,  although 
some  tests  were  taken  by  open- 
ing the  circuit.  It  was  found 
that  there  was  a  greater  ten- 
dency for  machine  to  flash  if 
the  circuit  was  opened  com- 
pletely at  one  time  or  if  too  ^  ^  ^  . ..  ^ 
high  resistance  was  inserted,  re-  }  }  ^c«"P«^t.nf  i^«a. 
during  the  load  to  too  low  a 
value.  For  the  sake  of  con- 
venience  and    comparison,    all 

tests  were  made  throwing  short      i  jj  \  N.gt«vBu» 

rircuit  on  the  machine  without  ^*»SSUS2r'| 
load. 

Some  of  these  breakers  have  *^"** 

been  in  service  since  early  in  1917  "  ^ 

•     it.     —  i«xi*_       £j.\.     /-»!_•  Diagram  of  direct-current  connections  for 

m  the  substations  of  the  Chicago,  subsUtion  equipped  with  three  motor-gener- 

Milwaukee   &  St.  Paul  Railroad  a^rsete  protected  by  one  high-tpeed  circuit 

J     ,                         I        •      .•/?    J     ^1  breaker  connected  across  limiting  resisUnce 

and   have   amply  justified   the 

faith  of  the  railroad  company  and  the  designers,  as  they  pro- 
tect the  apparatus  from  all  short  circuits  experienced,  although 
all  feeders  are  tapped  directly  to  the  overhead  trolley  system 
immediately  at  the  substation. 

One  of  these  breakers  is  installed  in  each  of  the  substations 
connected  between  the  negative  bus  of  the  station  and  the 
ground  or  return  circuit,  as  this  location  gives  maximum  pro- 
tection, and  one  breaker  can  be  used  for  each  machine  or  one 
for  the  entire  substation,  as  shown  in  Fig.  8. 
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High-Speed  Fuse 

It  is  evident  that  if  a  fuse  could  be  developed  that  would  melt 
at  a  very  small  increment  of  current  above  normal  rating,  it 
might  be  possible  to  obtain  a  speed  which  would  limit  the  current 
on  a  short  circuit  along  the  same  line  as  the  high-speed  circuit 
breaker  just  described. 

A  careful  study  of  all  available  metals  was  made  by  Mr.  P.  E. 
Hosegood,  who  suggested  using  a  silver  fuse,  and  a  number  of 
silver  fuses  of  different  shapes  were  tried  in  the  special  fuse 
holders  shown  in  Figs.  9  and  10.  The  oscillograph  record,  taken 
with  air  break  fuse  and  magnetic  blow-out,  shown  in  Fig.  11,  in- 
dicates that  a  very  high  speed  is  obtained,  giving  excellent  pro- 
tection and  duplicating  almost  exactly  the  speed  of  the  high- 
speed circuit  breaker.  It  was  found  that  a  short  circuit  could 
be  thrown  on  the  300-kilowatt,  25-cycle,  600-volt  synchronous 
converter  without  flashing  over  and  with  very  little  sparking 
at  the  brushes.  The  oil-immersed  fuse  holder  without  magretic 
blow-out  gave  practically  the  same  result  (Fig.  12),  the  operation 
being  slightly  better  as  far  as  speed  was  concerned  but  the 
mechanical  difficulties  of  replacing  the  fuse,  etc.,  being  greater. 

Reactors 

Oscillograph  records  of  short  circuit  on  the  300-kilowatt,  25- 
cycle,  600-volt  synchronous  converter  show  an  average  initial 
current  rise  of  about  1,300,000  amperes  per  second.  To  protect 
by  reactance,  the  amount  required  would  depend  on  the  rate  of 
circuit-breaker  action.  With  coils  made  of  1000  feet  of  500,000- 
drcular  mil  cable,  wound  on  cable  reels  having  an  inductance  of 
approximately  0.02  henry  in  circuit,  this  particular  machine 
could  be  short-circuited  without  flashing  when  protected  by  a 
breaker  opening  in  about  0.15  seconds. 

An  examination  of  records.  Figs.  13  and  14,  will  show  the 
severe  duty  on  the  circuit  breaker  and  increase  in  voltage  on  the 
apparatus. 

It  was  suggested  that  shunting  the  reactor  by  resistance  might 
reduce  duty  on  the  circuit  breaker.  The  coils  were  shunted  by 
14  and  by  100  ohms  and  it  was  impossible  to  determine  from 
either  observation  or  oscillograph  any  effect  due  to  the  resistance . 

The  effect  of  an  iron  core  in  a  reactor  having  an  inductance  of 
0.00105  henry  is  shown  in  Fig.  15,  from  which  it  will  be  noted 
that  the  iron  saturated  at  about  1000  amperes  in  about  0.007 
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seconds,  after  which  the  current  rises  abruptly,  being  limited 
only  by  the  inductance  of  the  coil  as  if  there  were  no  iron  in  its 
magnetic  circuit.  The  delay  of  about  0.007  seconds  due  to  the 
presence  of  iron  in  the  coil,  is  far  less  than  the  time  required  for  the 
usual  breakers,  now  in  use,  to  open.  The  weight  of  this  reactor 
was  7  per  cent  of  the  weight  of  the  synchronous  converter  and 
would  have  to  be  many  times  larger  to  give  protection  with  an 
ordinary  breaker. 

Second  Form  op  High-Speed  Circuit  Breaker 
Mr.  J.  F.  Tritle  has  more  recently  suggested  a  design  for  a 
high-speed  circuit  breaker  which  is  simple  and  substantial  in 
construction.  This  device  was  built  as  shown  in  Fig.  16  and  test 
indicated  that  the  speed  was  even  faster  than  the  large  breaker 
previously  described,  as  will  be  seen  by  comparing  oscillograms, 
Fig.  5,  on  the  large  breaker,  and  Fig.  17  taken  with  the  later 
breaker.  This  device  is  essentially  a  contactor  having  a  lamin- 
ated structure  with  electric  holding  coil  and  series  bucking  coil 
so  that  it  opens  when  the  load  current  reaches  a  value  sufficient 
to  offset  the  ampere  turns  of  the  holding  coil.  Tests  on  the  300- 
kilowatt,  25-cycle  synchronous  converter  with  this  device  showed 
that  a  short  circuit  could  be  thrown  on  the  machine  without  any 
tendency  of  the  machine  to  flash  over,  and  the  only  sparking  ob- 
tained extended  not  over  one-half  inch  from  the  brushes.  Simi- 
lar tests.  Fig.  18,  on  the  60-cycle,  500-kilowatt  synchronous  con- 
verter showed  more  sparking  and,  although  it  protected  the 
machine  at  times  on  short  circuit,  there  were  other  times  when  the 
machine  flashed  over.  When  the  machine  was  equipped  with 
barriers,  dead  short  circuit  could  be  thrown  on  with  impunity, 
there  being  no  tendency  to  flash  over  and  scarcely  sufficient 
sparking  to  be  noticeable. 

This  later  type  of  high-speed  breaker  is  a  part  of  the  more  re- 
cent equipment  being  furnished  the  Chicago,  Milwaukee  &  St. 
Paul  Railway. 

Barriers 
The  barriers  shown  in  Fig.  7  in  connection  with  the  descrip- 
tion of  the  high-speed  circuit  breaker  were  developed  to 
delay  time  of  flashover,  so  that  the  breaker  would  give  complete 
protection.  Such  satisfactory  and  promising  results  were  ob- 
tained without  the  breaker  that  it  was  decided  to  continue  in- 
vestigation to  ascertain  if  it  would  be  possible  to  devise  barriers 
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Fig.  12 

Short  circuit  on  300-kw.,  600-volt.  25-cycle,  synchronous  converter  protected  by  oil- 
cooled  high-speed  fuse.  Curve  A.  voltaKe  across  fuse;  Curve  B,  line  current;  Curve  C, 
collector-ring  voltage. 


Fig.   13 

Short  circuit  on  300-kw.,  600-volt,  25-cycle,  synchronous  converter  protected  by  air- 
core  reactor  in  direct-current  circuit  and  standard  circuit  breaker.  Curve  A,  voltage 
across  circuit  breaker;  Curve  B,  line  current;  Curve  C,  collector-ring  voltage. 


Fig.   14 

Short  circuit  on  .3()0-kw..  6(K)-vf>lt,  2.')-cycle,  synchronous  converter  protected  by  air-core 
reictor  in  direct-current  circuit  and  standard  circuit  breaker;  ("urve-.l,  voltaic  across  ar- 
mature; Curve  B.  line  current;  Curve  C.  collcctor-rinK  voltaKC. 


Fig.    15  (linebaugh  and  BL'RNHAM] 

Short  circuit  on  300-kw.,  600-volt,  2.j-cyc]e,  synchronous  converter,  protected  by  iron- 
core  reactor  in  direct-current  circuit  and  standard  circuit  breaker.  Curve  A,  voltage 
across  the  armature;  Curve  B,  line  current;  (  ur\e  C.  collector-ring  voltage. 
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Fig.  16 
Second  form  cf  high-speed  circuit  breaker,  capacity  1500  amperes,  600  volts. 


Fig.  17 

Short  circuit  on  300-kw.,  600-volt,  25-cycle  synchronous  converter  protected  by  second 
form  of  high-speed  circuit  breaker.  Curve  A,  voltage  across  circuit  breaker;  Curve  B.  line 
current;  Curve  C,  collector-ring  voltage. 


Fig.    18  [linebaugh  and  burnham] 

Short  circuit  on  500-kw.,  600-volt,  60-cycle,  synchronous  converter  protected  by  second 
form  of  high-speed  circuit  breaker. 

Left  hand  curve  Right  hand  curve 

Load  of  0.03  ohms  Short  circuit. 

Curve  /4,  armature  volts 
"      B,  line  current 

C,  collector-ring  voltage. 
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Fig.  19 

Pinal  development  of  flash  barriers  on  300-kw.,  25-cycle,  600-volt  synchronous  converter. 


Fig.   20  [linebaugh  and  burnham] 

Short  circuit  on  300-kw.,  2.5-cycle,  600-volt,  synchronous  converter  protected  by  flash 
barriers  and  standard  circuit  breaker. 
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Fig.  21 

bhort  circuit  on  300-kw.,  25-cycIe.  600-volt  synchronous  converter  protected  by  flash 
barriers  and  standard  circuit  breaker. 


Fig.  22  [linebaugh  and  burnham] 

Short  circuit  on  300-kw.,  600-volt,  25-cycle,  synchronous  converter  equipped  with  flash 
barriers  and  standard  circuit  breaker.  Curve  .4,  armature  volts;  CurveiJ,  line  current; 
Curve  C,  collector-ring  voltage. 
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Fig.  23 

High-Bpced  photograph  of  short  circuit  on  300-kw.,  600- volt  25-cycle  synchronous  con- 
verter protected  by  flash  barriers  and  standard  breaker.* 


Fig.    24  (linebaugh  and  burnhamJ 

High-speed  photograph  of  short  circuit  on  300-kw.,  600-volt,  25-cycle.  synchronous  con- 
verter protected  by  flash  barriers  and  standard  circuit  breakers. 
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Fig.  25 

High-speed  photograph  of  short  circuit  on  500-kw.,  600-volt,  60-cycle  synchronous  con- 
verter without  protection. 


Fig.  26  [linebaugh  and  burnhamI 

500-kw.,  25-cycle,  600-volt.  synchronous  converter,  installed  in  automatic  substation, 
equipped  with  commercial  form  of  flash  barrier. 
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Fig.  27 

Flash  barrier  with  front  rerroved  to  show  location  and  construction  of  arc  scoop  and  wire- 
mesh  arc  coolers. 


Fig.    2S  (linebaugh  and  burnham] 

High-speed  photograph  of  short  circuit  on  500-kw.,  600-volt,  60-cycle.  synchronous  con- 
verter with  flash  barriers  and  standard  circuit  breaker  with  preliminary  arrangement  of 
brush  rigging.     Arc  at  outer  end  of  commutator. 
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Fig.  29 

High-speed  photograph  of  short  circuit  on  500-kw.,  600-volt,  60-cycle  synchronous  con" 
vcrter  with  flash  barriers  and  standard  circuit  breaker  with  preliminary  arrangenient  of 
brush  rigging.     Arc  at  outer  end  of  brush  rigging. 


Fig.   30  [linebaugh  and  burnham] 

High-speed  photoRraph  of  short  circuit  on  50(3-kw.,  600-volt,  60-cycle  synchronous  con- 
verter protected  by  flash  barriers  and  standard  circuit  breaker  after  arrangement  of  brush 
rigging  has  been  changed.      Uniform  distribution  of  flashing. 
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Fig.  31 

Short  circuit  on  500-kw.,  600- volt,  60-cycle.  synchronous  converter  protected  by  flash 
barriers  and  standard  circuit  breaker  after  arransen-ent  of  brush  rigRing  had  been  changed 


Fig.  32 

Short  circuit  on  50-kw.,  600-volt  generator.     Curve  O,  current  in  outside  brush;  Curve  M 
current  in  middle  brush;  Curve  /.  current  in  inside  brush. 


Fig.    33  [linebaugh  and  burnham] 

Short  circuit  on  50-kw,.  600-volt  generator.     Curve  O.  current  in  outside  brush;  Curve  Af, 
current  in  middle  brush;  Curve  /,  current  in  irside  brush. 
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Fig.  34 

Short  cirQuit  on  50-kw.,  600-voIt  generator.   Curve  O,  current  in  outside  brush;  Curve  Af , 
current  in  middle  brush;  Curve  /,  current  in  inside  brush. 


Fig.  35  [linebaugh  and  burnham] 

Current  passed  thiouorh  50  kw  ,  600  volt  gererator  from  an  external  source. 
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that  would  take  care  of  all  short  circuits  expejienced  in  actual 
service. 

Under  certain  conditions  it  might  be  desirable  to  supplement 
rather  than  replace,  appliances  already  installed  or  to  protect 
from  disturbances  other  than  direct-current  load  which  cause 
flashing.  For  instance,  a  synchronous  converter  could  not  be 
protected  by  a  high-speed  direct-current  circuit  breaker  if  flashing 
is  caused  by  a.c.  phase  displacement.  For  this  reason  additional 
protection,  such  as  barriers,  to  dissipate  the  arc  when  started 
was  also  needed. 

Many  different  forms  of  barriers  were  tried  on  the  300-kilo- 
watt,  25-cycle,  600- volt  synchronous  converter,  previously 
mentioned.  With  increasing  success  as  improvements  were 
made  to  meet  failures,  the  barriers  shown  in  Fig.  19  were  evolved. 
These  barriers  gave  complete  protection  from  flashover  or 
damage  on  short  circuit.  Fig.  20  shows  machine  on  short  cir- 
cuit giving  a  good  idea  of  flashing  and  protection  afforded, 
while  Fig.  21  shows  clearly  the  small  amount  of  flash  which  ex- 
tends beyond  the  barrier. 

About  65  short  circuits  were  thrown  on  the  300-kilowatt, 
600-volt,  26-cycle  machine  without  burning  of  brushes,  brush 
connections  or  rigging,  or  damages  of  any  kind  to  commutator 
or  machine.  Oscillogram,  Fig.  22,  shows  a  record  of  current 
reaching  34  times  ftdl  load  and  gives  a  good  idea  of  the  pro- 
tection afforded.  Many  of  these  short  circuits  were  applied  at 
very  short  intervals,  even  as  close  as  one  minute  apart,  without 
failure  to  hold  and  extinguish  the  arc  when  the  breaker  opened 
the  circuit. 

Figs.  23  and  24  are  very  interesting  high-speed  pictures  of 
the  same  short  circuit  analyzed  by  means  of  a  special  high-speed 
camera  devised  by  Lieut.  Chester  Lichtenberg,  and  the  success- 
ful high-speed  picttires  we  are  able  to  show  in  this  paper  are 
mainly  due  to  his  efforts.  This  camera  made  it  possible  to  ob- 
tain as  high  as  24  complete  pictures  of  one  short  circuit,  while 
the  best  results  it  was  possible  to  obtain  with  a  moving  picture 
camera  were  two  under-exposed  and  therefore  indistinct  pictttfes. 

A  little  explanation  is  necessary  to  read  these  photographs  as, 
due  to  the  construction  of  the  camera,  the  lower  right  hand 
picture  is  the  first  picture  of  the  short  circuit;  the  next  picture 
being  the  one  immediately  to  the  left,  and  so  on  to  the  end  of 
the  plate;  the  first  picture  at  the  right  of  the  the  next  row  being 
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the  next  picture  jn  the  same  order  and  until  the  end  of  the  plate 
and  the  number  of  rows  of  pictures.  These  pictures  show  very 
clearly  the  growth  of  the  arc,  disposition  on  commutator  and  dis- 
sipation of  the  arc  as  the  regular  breaker  opens.  These  perma- 
nent records  eliminated  the  personal  factors  of  memory  and 
observation  and  showed  the  way  for  changes  to  give  improve- 
ments in  barriers.  Fig.  25  illtistrates  very  clearly  what  happens 
if  the  machine  is  short-circuited  without  protection. 

The  general  arrangement  of  a  successful  barrier,  Fig.  26,  is 
shown  herewith. 

A  close  fitting  box  of  fire-proof  insulating  material  surrotmds 
each  set  of  brushes  and  is  located  so  as  to  give  a  small  clearance 
between  the  box  and  the  commutator. 

On  the  side  of  the  box  towards  which  the  commutator  rotates 
after  leaving  the  brush  is  fastened  a  V-shaped  **scoop",  Fig.  27, 
of  fire-proof  insulating  material,  preferably  having  good  heat 
conductivity,  pointing  toward  the  brush  and  having  small 
running  clearance  from  the  commutator. 

Radially  above  the  scoop,  about  one  inch  apart,  are  two 
metal  screens,  one  coarse  and  one  fine  mesh,  through  which  the 
arc  is  successively  forced  and  cooled. 

It  was  found  that  a  moderate  amount  of  material  is  required 
to  give  the  necessary  thermal  capacity  to  prevent  an  arc  from 
passing  beyond  a  screen  of  this  kind.  The  scoop  running  very 
close  to  the  commutator  with  narrow  edge  and  small  clearance 
picks  up  the  arc  from  the  commutator  and  deflects  it  into  the 
arc  coolers  which,  from  their  construction,  allow  free  passage  of 
all  gases  generated  by  the  arc.  The  cooling  and  condensing  of 
the  arc  reduces  the  gas  pressure  so  that  shields  at  the  end  of  the 
commutator,  to  prevent  the  arc  being  thrown  from  the  end  of  the 
commutator  and  communicated  to  pillow  block  and  frame,  are 
permissible.  It  will  be  noted  from  the  illustrations  that  the 
commutators  extend  beyond  the  end  of  the  barrier  as  it  was 
found  that  the  arc  must  be  prevented  from  being  communicated 
to  the  end  of  the  bars. 

Investigation  was  then  transferred  to  a  500-kilowatt,  60- 
cycle,  600-volt  synchronous  converter  and  barriers  of  similar 
type,  but  without  continuous  end  shields,  were  tried. 

Tests  showed  that  these  barriers  did  not  give  protection  on 
short  circuit  although  they  prevented  machine  from  flashing 
over  on  very  high  overload.     The  high-speed  camera  record  in- 
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dicated  that  the  arc  was  being  thrown  to  the  outer  end  of  the 
commutator  for  some  reason,  causing  such  high  gas  pressure  at 
the  outer  end  of  the  commutator  that  the  arc  was  blown  imder 
the  barrier  and  the  machine  flashed  over.     Figs.  28  and  29. 

The  differences  in  performance  were  ascribed  to  differences  of 
magnetic  fields  acting  on  the  arc. 

To  demonstrate  the  effect  of  the  magnetic  field,  various 
arrangements  of  connections  of  brush  rigging  were  made,  each 
to  produce  a  different  field  where  the  arcing  occurs.  The  re- 
sults indicate  that  it  is  possible  to  arrange  the  brush  rigging  and 
connection  to  make  a  barrier,  as  described  above,  effective  on 
practically  all  commutating  machines  and  to  prevent  complete 
flashover.  Figs.  30  and  31  show  the  effects  of  change  in  con- 
nection on  arc  distribution,  giving  the  uniform  distribution 
most  favorable  to  good  barrier  performance. 

Other  tests  were  made  to  record  the  simultaneous  short-cir- 
cuit current  in  the  outer,  middle  and  inner 
brushes  by  the  oscillograph.  The  records  in 
Figs.  32,  33  and  34  show  typical  variations 
of  current  distribution  produced  by  different 
connections  to  brushes.  The  distribution  of 
current  is  principally  dependent  on  the  mag- 
netic field  surrounding  the  brushes  where 
the  arc  is  formed.  To  show  that  differences  of  impedance  have 
very  little  influence,  record  Fig.  35  was  taken  with  current 
supplied  from  an  exterior  source  with  no  flashing.  It  will  be 
seen  that  current  is  practically  the  same  in  all  brushes.  With 
some  connections  the  deflection  of  the  arc  can  be  plainly  seen  to 
follow  the  well-known  relation,  as  given  in  Fig.  36,  but  with  the 
more  complicated  connections  the  difficulty  of  determining  re- 
stiltant  field  from  many  sources  makes  it  difficult  to  determine  the 
direction  of  deflection  of  the  arc  except  by  experiment. 

Direct-current  machines  for  use  in  ♦  automatic  substations  are 
being  equipped  with  these  barriers  and  short-circuit  tests  at  the 
substations  have  been  taken,  indicating  that  they  will  take  care 
of  any  short  circuit  experienced  in  actual  service.  These  barriers 
are  in  operation  and  short-circuit  tests  were  taken  on  a  500- 
kilowatt,  600-volt,  25-cycle  sjmchronous  converter  of  the  Des 
Moines  Electric  Railway,  Des  Moines,  Iowa,  a  500  kilowatt,  600- 
volt,  60-cycle  s3mchronous  converter  of  the  Coumbus  Electric 
Railway  &  Light  Company,  Columbus,  Ohio,  and  a  500-kilowatt, 
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30-cycle,  1200-volt  sjmchronous  converter  at  Montieth  Junc- 
tion, Michigan,  and  other  installations  are  now  in  service. 

The  investigations  and  tests  indicate  that  if  any  conamutating 
machine  is  equipped  with  barriers  and  the  last  high-speed  cir- 
cuit breaker  described,  complete  protection  will  be  given  against 
external  short  circuits  of  all  kinds  so  that  interruption  to  service 
will  not  be  of  any  greater  duration  than  necessary  for  closing 
the  circuit  breaker  and  main  switch  as  in  ordinary  overload 
operation. 

•See  paper  by  Taylor  and  Allen,  A.I.E.E.  Transactions  Vol.  34, 1915, 
page  1801. 
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Discussion  on  "Protection  from  Flashing  for  D-C.  Appa- 
ratus"     (LiNEBAUGH     AND     BuRNHAM),      ATLANTIC    CiTY, 

N.  J.,  June  28,  1918 

Charles  L.  Fortescue:  I  would  like  to  congratulate  the  authors 
on  the  fine  results  they  have  been  able  to  obtain  with  a  mechani- 
cally-operated high-speed  breaker.  I  can  assure  you,  gentle- 
men, that  to  attain  a  speed  of  0.006  of  a  second  on  a  mechani- 
cally operated  breaker  is  no  small  achievement.  The  very 
nature  of  the  problem  and  the  materials  available  set  a  limita- 
tion to  the  possible  speed  obtainable. 

I  am  very  much  interested  in  the  subject,  because  I  have 
been  associated  with  various  men  of  our  company  in  a  similar 
line  of  development.  In  1911,  in  association  with  the  late 
Mr.  William  Cooper,  the  problem  of  preventing  flashing  of  rail- 
way motors  came  to  my  attention.  On  one  of  the  elevated 
lines  in  New  York  City,  they  were  having  some  trouble  with 
flashing  of  the  motors,  due  to  short  circuits  and  it  was  pro- 
posed to  prevent  it  by  operating  the  breakers  quickly.  Mr. 
Cooper  conceived  the  idea  that  we  could  obtain  a  quick 
operating  relay,  which  would  operate  the  valve  in  the  air-operated 
breakers,  depending  upon  the  magnetic  energy  released  due 
to  the  short  circuit.  With  this  idea,  we  built  a  relay-trans- 
former. The  transformer  had  a  small  air  gap  in  it,  and  we 
depended  on  the  discharge  of  the  magnetic  energy  stored  in  this 
gap  to  operate  the  relay.  With  this  little  device  we  were  abl^ 
to  obtain  such  satisfactory  results  that  we  managed  to  overcome 
our  troubles  on  that  particular  road.  We  obtained,  as  I  recall, 
speeds  of  from  0.025  to  0.030  of  a  second,  and  that  encouraged 
us  to  go  a  step  further,  and  we  decided  to  design  a  direct- 
operated  circuit  breaker  of  the  carbon  type.  The  second  design 
was  a  carbon  breaker  with  a  magnetic  blowout,  and  it  had  a 
rather  powerful  spring,  somewhere  around  300  or  400  lb.  This 
breaker  proved  quite  satisfactory.  We  were  able  to  get  speeds 
down  to  0.015  of  a  second  with  the  latch  operated  by  the  trans- 
former device. 

Later  on  I  conceived  the  idea  of  using  a  condenser  instead 
of  a  transformer  for  storing  the  energy  required  to  operate  the 
trip,  in  other  words,  we  placed  the  condensers  in  series  with  the 
trip  coil  across  the  direct-current  terminals.  When  a  short 
circuit  occurs,  there  is  an  initial  fall  of  potential,  and  this 
discharges  the  condenser  through  the  trip  coil  and  operates  the 
trip  msignet.  The  frequency  of  the  discharge  current  will 
depend  on  the  capacity  of  the  condenser  and  the  self-induc- 
tance of  the  magnet.  This  arrangement  was  very  satisfactory, 
in  fact,  with  a  circuit-breaker  of  very  ordinary  design,  nothing 
very  special  about  it,  except  it  had  a  rather  stronger  spring  than 
usual,  we  were  able  to  obtain  a  speed  of  0.011  of  a  second. 

I  would  like  to  take  exception  to  a  few  points  in  the  authors' 
discussion  of  the  question  of  reactors  used  for  retarding  the 
growth  of  current.     The  problem,  as  I  see  it,  is  not  that  the 
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choke  coil  is  expensive,  it  is  a  balance  between  the  cost  of  the 
choke  coil  and  the  high-speed  breaker.  As  it  increases  in  speed 
the  breaker  becomes  more  and  more  expensive,  and  as  I  said 
before,  it  is  a  big  problem  to  produce  a  mechanical  device  which 
will  always  operate  satisfactorily  at  high  speed.  There  is  a 
chance  of  breakage  and  crystallization  of  parts,  the  springs  are 
tremendotisly  powerful,  in  some  cases  several  tons,  and  the  work- 
ing parts  are  subject  to  heavy  jarring  action,  so  that  the  cost 
and  maintenance  of  a  device  like  that  is  necessarily  very  high. 
By  using  a  choke  coil,  it  is  possible  to  use  a  lower  speed  and 
less  costly  device.  It  has  been  estimated  that  the  economic 
speed  was  somewhere  around  0.009  of  a  second. 

A  description  of  the  early  tests  referred  to  in  this  discussion 
was  published  some  time  around  1913  in  "  Electric  Traction  " 
by  Mr.  Funk.  Later  on,'  1914,  Mr.  Yardley  presented  a  paper 
on  the  "Use  of  Reactors  with  Synchronous  Converters,"  in 
which  he  showed  a  set  of  films  that  were  taken  with  converters 
operated  with  one  of  these  breakers.  We  also  have  films  showing 
them  successfully  operated  with  1600-volt  direct-current 
machines. 

I  might  mention  that  in  these  mechanically-operated  breakers 
the  capacity  required  to  operate  the  tripping  device  was  qtiite 
small.  In  the  first  breaker  we  made  we  were  able  to  operate 
very  satisfactorily  at  500  volts,  with  a  condenser  of  1 -micro- 
farad capacity  and  at  1500  volts  with  a  condenser  of  one- 
third  of  a  microfarad  capacity.  A  little  later  we  used  a 
stronger  operating  trip  coil,  which  requires  2  or  3  microfarads 
at  500  volts  and  still  later  we  have  used  a  tripping  device  of 
very  much  the  same  pattern  as  that  which  the  authors  have 
described. 

Another  device  that  we  have  used  to  obtain  quick  operation 
is  a  relatively  small  choke  coil,  shunted  by  the  trip  coil.  In 
this  device  the  impulse  current  in  the  trip  coil,  when  short 
circuit  occurs  operates  the  breaker  enabling  us  to  get  very 
quick  action. 

We  have  had  some  of  the  condenser  tripped  apparatus  in 
acttial  operation.  We  have  had  one  installed  at  the  plant  of 
the  Youghiogney  Coal  Company,  operating  in  mine  service, 
and  the  operation  had  been  very  satisfactory.  In  fact,  most 
of  our  work  has  been  done  with  the  idea  of  developing  something 
that  could  be  used  for  such  service  and  to  protect  generators 
and  motors  from  short  circuits  on  feeder  circuits.  We  have  tried 
to  obtain  something  that  could  be  sold  at  a  moderate  price,  to 
be  used  for  the  protection  of  motors,  etc.,  in  industrial  work. 

We  have  also  had  another  circuit  breaker  installed  at  the  New 
River  Coal  Company.  I  saw  a  day's  record  of  that  system —  I 
think  it  was  last  fall — which  they  say  is  quite  an  ordinary  record : 
There  were  thirty  shorts  in  one  day,  and  in  every  case  the 
breaker  operated  so  that  the  motor  or  generator  was  protected. 
In  this  case  we  have  a  small  phoke  coil  in  series  with  the  machine 
in  addition  to  the  high-speed  breakers. 
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This  is  a  rough  summary  of  the  work  that  we  have  done  in 
connection  with  high-speed  breakers.  We  have  not  reached 
as  high  speed  as  Messrs.  Linebaugh  and  Bumham  have  obtained 
with  their  very  special  mechanical  construction  but  the  results 
have  been  very  satisfactory  with  ordinary  forms  of  breakers. 

F.  C.  Hanker:  The  use  of  higher  direct-current  voltages  on 
railway  systems  has  increased  the  difficulties  in  connection  with 
the  supply  of  power,  particularly  with  commutation  during 
the  short-circuit  conditions.  In  the  early  days,  somewhat 
similar  conditions  obtained  on  600-volt  railways  and  forced 
improvements  in  the  commutating  characteristics  of  direct- 
current  generators  and  converters,  so  that  the  modem  machines, 
with  conmiutating  poles,  and,  for  more  severe  service,  with  pole- 
face  windings,  are  very  rugged  and  have  given  satisfactory 
service. 

The  advent  of  the  higher  voltages  has  made  the  problem  of  the 
designer  more  difficult  and  the  resultant  increase  in  flashing 
troubles  has  required  concerted  attention  on  improvements. 
The  authors  have  described  in  detail  the  manner  in  which  they 
have  attacked  the  problem  and  outlined  the  various  forms  of 
breakers  and  barriers  they  have  developed  after  extended 
experimental  testing.  This  method  of  solving  the  problem  is 
the  logical  one,  as  pointed  out  by  the  authors,  when  we  take  into 
consideration  that  the  remedy  must  be  applied  to  existing 
installations.  In  other  words,  it  may  be  cla^d  as  an  external 
attack. 

In  the  form  of  breaker  described  in  the  paper  as  being  installed 
in  the  stations  of  the  present  electrified  zone  of  the  C.  M.  &  St. 
P.,  the  tripping  mechanism  is  complicated,  and  extremely  heavy 
spring  pressures  for  rapid  opening  are  used.  Such  a  circuit 
breaker  will  be  subject  to  relatively  rapid  deterioration  and, 
unless  kept  at  the  maximtmi  point  of  efficiency,  will  slow  up 
in  its  speed,  then  if  it  fails  to  open  the  circuit  before  the  flashing 
starts,  it  will  be  too  late  to  stop  it. 

Another  method  of  solving  the  problem  of  flashing  that  sounded 
rather  revolutionary  when  it  was  first  proposed  was  suggested 
by  Mr.  N.  W.  Storer,  who  is  well  known  for  his  work  in  the 
railway  field.  It  differed  radically  from  the  previous  methods 
using  circuit  opening  or  limiting  schemes  and  attacked  the  cause 
of  the  flashing.  It  effectively  suppresses  it  while  all  other  schemes 
only  minimize  the  possibility  of  flashing  or  reduce  the  resulting 
effect. 

The  flash  suppressor  consists  of  a  circuit  closer  arranged 
to  shor*-circuit  the  armature  winding  of  the  direct-current 
generator  through  collector  rings.  It  is  tripped  in  a  manner 
similar  to  circuit  breaker  practise  with  the  addition  of  the  antici- 
patory feature  developed  in  previous  high-speed  circuit 
breaker  investigations.  It  is  also  feasible  to  supplement 
this  method  of  tripping  by  taking  advantage  of  the  increase  in 
field  current  under  the  short-circuit  conditions  for  operating  an 
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auxiliary  tripping  coil.  The  moving  parts  are  small  and 
as  it  is  only  necessary  to  move  them  a  relatively  short  distance 
the  device  can  easily  be  closed  in  from  0.006  to  0.008  sec. 
without  using  abnormal  spring  pressures.  Higher  speed  can  be 
obtained,  if  necessary,  without  undue  complication,  but  tests 
show  conclusively  that  the  flashing  is  suppressed  effectively  after 
intervals  several  times  longer,  so  that  it  was  not  considered 
necessary  to  secure  higher  speed  of  operation. 

The  flash  suppressor  really  performs  a  double  function; 
first,  short-circuiting  the  collector  rings  and  thus  simultaneously 
reducing  the  voltage  between  commutator  bars  practically  to 
zero,  or,  in  other  words,  all  of  the  voltage  generated  in  the  wind- 
ing is  absorbed  in  that  winding  so  that  no  difference  of  potential 
between  commutator  bars  will  remain;  and  second,  in  reducing 
the  field  flux.  Short  circuits  such  as  are  applied  by  a  flashing 
suppressor,  result  in  a  heavy  wattless  ciurent  flowing  through 
the  armature  winding.  The  magnetizing  force  of  the  arma- 
ture ampere  turns  opposes  that  of  the  field  winding  and  cuts 
down  the  voltage  at  the  maximum  safe  rate  without  opening 
either  the  field  or  armature  circuit.  In  this  way,  the  stored 
energy  not  only  of  the  line  but  of  the  machine  itself  is  harm- 
lessly short-circuited  through  the  machine  and  dissipated  in 
the  armature  and  field  windings. 

Diuing  the  studies  made  of  this  method  of  suppressing  flashing 
numerous  tests  were  made  on  different  types  of  machines  and 
it  may  be  of  interest  to  review  some  of  the  more  representative 
oscillograms. 

The  first  oscillogram  Fig.  1  shows  a  direct-current  short 
circuit  limited  by  resistance  that  is  typical  of  a  standard  direct- 
current  generator.  The  armature  current  rises  to  about  13,000 
amperes  or  about  eight  times  full-load  current.  The  actual 
current  obtained  was  about  60  per  cent  of  the  theoretical  cur- 
rent that  would  be  obtained  by  dividing  the  terminal  voltage 
by  the  circuit  resistance.  The  initial  rate  is  about  2500  amperes 
per  0.001  sec.  and  the  current  rose  to  practically  its  final  value  in 
the  first  0.010  sec.  The  shunt  field  current  undergoes  an  in- 
crease in  value,  due  to  the  transformer  action  between  the 
armature  and  field  winding. 

Pig.  2  shows  the  effect  of  the  application  of  the  flash  sup- 
pressor 0.006  sec.  after  a  short  circuit  was  applied  to  the  direct- 
current  side.  In  this  case,  the  short  circuits  were  made  without 
resistance  or  reactance  of  any  kind  in  the  circuit.  The  effect 
on  the  commutator  was  confined  to  a  small  explosive  puff  of 
very  short  duration  which  did  no  burning  on  either  the  brush 
holders  or  commutator  surface.  Many  duplicate  oscillograph 
records  of  combined  short  circuits  were  made  which  established 
that  the  suppression  of  the  flashing  was  independent  of  the  point 
on  the  alternating-current  wave  at  which  the  short  circuit 
occurred  and  that  all  armature  positions  give  essentially  the 
same  effect.     The  longer  delays  resulted  in  a  somewhat  heavier 
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